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ABSTRACT
G enom ic im printing is a phenom enon whereby some genes are expressed
differently depending on w hether they are maternally or paternally inherited.
In mice, the most notable effects of genomic imprinting appear to be imposed
during embrv^onic development. In humans, it is difficult to study the effects
of genomic im printing on development for obvious ethical reasons, however
it is im portant to discover whether the effects of genomic imprinting on mouse
embryonic development are paralleled in primates. The aim of this study was
to determ ine the effects of genomic imprinting on the early em bryonic
developm ent of a non-hum an prim ate, the common marmoset monkey.

To facilitate the investigation, the fertilization rate of marmoset oocytes was
increased from 53% to 76% (p < 0.005) by altering the time betw een the
adm inistration of hCG and laparotomy, and duration of oocyte pre-incubation.
T he mean maximum cell num ber (MMCN) of in vitro fertilized (IVF)
m annoset embiyos was increased from 7.7 (± 0.7) when cultured in vitro to 15
(± 4.35) when cultured in the oviducts of live mice (p<0.003).

The morphological determ ination of the parental origin of marmoset pronuclei
was not possible because both pronuclei formed at the same tim e after
insemination, they were both the same size and both first became visible near
th e centre of the zygote. Unlike similar studies using mouse zygotes, in
m arm oset zygotes it was not possible to visualize fluorescent paternal
P’" muclei after fertilization w ith marmoset sperm carrying DNA w hich was
stained w ith a polyspecific fluorochrome.

Pronuclear transfer an d electrical fusion of marmoset one-cell embryos was
successful in 7/15 (46% ) embryos. M armoset embryos which had undergone
sham enucleation and were restored to a nomtal genetic constitution were able
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to develop to an average (± S.E.M) of 3.3 (± 2.3) cells and a maximum of 8
cells.

Parthenogenetic activation of marmoset oocytes was achieved using ethanol
(8/47;

17%)

and

electrical

stim ulation

(68/74;

92%).

M arm oset

parthenogenones developed to a M M CN (± S.E.M.) of 4.0 ± 0.3 and reached
a maximum of 16 cells in vitro. There was no significant difference between the
percentage of parthenogenetic embryos and IVF embryos reaching each cell
stage up to 16 cells.

Three of four IVF embryos, and 2 of 3 marmoset parthenogenones transferred
to synchronised recipient marmosets developed to post-im plantation stages.
To Day 33, w hen recipient animals were killed, progesterone and inhibin
profiles of recipients carrying parthenogenetic embryos (RP) resembled those
of

recipients

carrying

normal

embryos

(RN).

However,

chorionic

gonadotrophin of RP animals remained at non-pregnant levels. Histological
analysis of RP animals showed syncytial invasion of the uterine stroma, but
only rem nants of embryonic membranes.

The development of marmoset parthenogenones to the 16-cell stage is not
significantly different from normal IVF embryos. A dditionally, im plantation
of primate embrv^os can occur w ithout the participation of the paternal
genome. By developing the techniques of m anipulation of primate embryos
and oocytes, this study has provided the basis for further research to elucidate
the role of genomic im printing in primate embryonic development.
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CHAPTER ONE
LITERATURE REVIEW

24

1.1 IN T R O D U C T IO N
M endel's experiments w ith garden peas in the mid 19th century led to one of the
m ost im p o rtan t theories of inheritance, the principle of equivalence of reciprocal
crosses. T h at is, it does not m atter from which parent the progeny receive their
genes, the phenotype will remain the same. This theory has held for over fifty years,
with a few exceptions, such as sex-linked traits. However, in recent years, discovery
has been made of certain genes which do not adhere to Mendel's theory and whose
phenotype depends very much on the parent from which they have been inherited.
These genes seem to have some kind of im print which allows them to "remember"
their parental source and changes their phenotypic expression depending on w hether
they have been m aternally or paternally derived.

This differential effect is known as genomic imprinting. The extent to which the
genome is im printed is not yet known, and the mechanism by which im printing
bestows its effect is not yet fully understood, but it is clear th at normal prenatal
developm ent in mammals cannot proceed w ithout a genetic contribution of both
maternal and paternal origin. In some cases, w ithout the contribution of a particular
m aternal or paternal gene normal development will not proceed.

This

chapter

summarises

normal mammalian

fertilization

and

pronuclear

developm ent, the physiological effects of genomic im printing on early embryonic
development in mammals, and the literature regarding the techniques required to
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investigate uniparental development in primates.

1.2 FER TILIZA TIO N OF M AM M ALIAN OOCYTES
The events surrounding mammalian fertilization include sperm capacitation and
penetration of the oocyte vestments, sperm-oocyte fusion, oocyte activation, the
incorporation of the sperm into the oocyte cytoplasm and pronuclear development.

M ature, ovulated oocytes have undergone the first meiotic division so th at the female
gamete consists of an oocyte containing a diploid (2n) set of chromosomes which is
arrested at meiotic metaphase II. The vitellus of the oocyte and the first polar body
are enclosed w ithin a mucopolysaccharide coat known as the zona pellucida.

During the passage of mammalian sperm through the epididymis, the chrom atin in
the sperm nucleus is compacted by extensive disulphide cross-linking of nuclear
protamines (Calvin 1976). This causes the sperm nucleus to assume a "rigidity" which
facilitates the physical penetration of the cumulus mass, corona radiata, and zona
pellucida of the oocyte (Bedford 1983).

Before fertilization can take place the sperm m ust undergo some changes to render
it capable of fertilization. These changes are referred to collectively as capacitation.
C apacitation involves the removal or change to sperm surface components, which
leads to increased permeability and fluidity of the membranes to calcium ions,
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resulting in an increased level of intracellular calcium (Plachot and M endelbaum
1990). C apacitation norm ally occurs in the female genital tract b u t can also occur
readily in culture m edium prior to in vitro fertilization. It is unclear exactly w hat
factors are involved in the process of sperm capacitation b u t a num ber of enzymes
such as neuram inidase (Johnson 1975), P-glucuronidase and P-amylase (Gwatkin
1977) have been suggested.

The acrosome is a membrane bound structure which lies between the anterior region
of the sperm nucleus and plasma membrane, and contains hydrolyzing enzymes
including acrosin and hyaluronidase. The acrosome reaction is initiated at the surface
of the zona pellucida of the oocyte and involves the fusion of the outer acrosomal
membrane and the overlying sperm plasma membrane, which releases the acrosomal
contents. The acrosome reacted sperm passes through the zona pellucida and enters
the peri-vitelline space. Normally one sperm will fuse with the oolemma. Polyspermy
is prevented by the "zona reaction" (W olf 1981). The zona reaction is the term used
to describe the refractoriness of the zona pellucida to penetration by more th an one
sperm. D uring the penetration of a sperm through the zona pellucida, small
m em brane-bound organelles located beneath the plasma m em brane of the m ature
oocyte, Icnown as cortical granules, release hydrolytic enzymes which alter the
physical and chemical characteristics of the zona pellucida. This cortical granule
exocytosis renders the zona impenetrable to more than one sperm.
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sperm -oocyte fusion triggers the activation of the oocyte, i.e. the resum ption of
meiosis, and subsequent extrusion of the second polar body. It is not known how the
sperm activates the oocyte in mammals. It has been proposed th at the sperm carries
a soluble factor, which has not yet been identified, into the oocyte at sperm-oocyte
fusion which causes a release of calcium ions from intracellular stores (Swann 1990)
or alternatively, th at the sperm binds to an oocyte plasma membrane receptor linked
to phosphoinositide turnover, causing an increase in inositol triphophate and release
of intracellular calcium (Jaffe 1990). Calcium ions lead to the breakdown of cytostatic
factor (W atanabe et al 1989) which, by preventing the degradation of cyclin
(Karsenti et al 1987), may m aintain high levels of m aturation prom oting factor, the
protein which prevents the cell cycle progressing past the metaphase stage (M urray
et al 1989). Therefore it is possible th at an increase in the levels of Ca^^ may, after
a series of changes in the levels of intracellular proteins, lead to the resum ption of
meiosis.

After extrusion of the second polar body a nuclear membrane forms from cytoplasmic
components around the remaining haploid set of maternal chromosomes thus forming
the m aternal pronucleus.

After sperm-egg fusion the sperm migrates into the oocyte cytoplasm. Soon after the
sperm enters the oocyte, the sperm's nuclear envelope disintegrates, allowing the
mingling of sperm chrom atin with the oocyte cytoplasm (Longo 1985). This
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association facilitates the access of cytoplasmic reducing agents to the sperm
chrom atin, leading to the destruction of the disulphide bonds holding the paternal
nuclear chrom atin tightly in place. There is some evidence th at one of the reducing
factors in the oocyte cytoplasm may be a reduced form of glutathione which is
present in high quantities in m am malian oocytes and the depletion of which can
decrease the decondensation of sperm nuclei (Mahi and Yanagimachi 1975, Calvin
and Grosshans 1985). This change in sperm chrom atin structure leads to nuclear
decondensation. A nuclear membrane forms around the paternal chrom atin and the
structure can then be recognised as the paternal pronucleus, 6-12 hours after initial
sperm penetration in humans (Tesarik and Kopecny 1989, Balakier 1992). Only after
the formation of the pronucleus is the decondensed DNA in the paternal pronucleus
capable of DNA synthesis (Tesarik and Kopecny 1989).

In m ost mammalian species, including the hum an (Palermo et al 1994), b u t w ith the
exception of the mouse (Schatten et al 1986), the sperm not only carries nuclear
m aterial into the oocyte at fertilization but also carries one of the m ost im portant
organelles involved in mitosis and meiosis, the centrosome. The centrosome is the
organelle responsible for the nucléation and organisation of m icrotubules necessary
for the successful progression of mitosis and meiosis (Rappaport 1969, Gould and
Borisy 1977, W heatley 1992). This role includes organising the polarity of the
m icrotubules w ith the plus end furthest away from the centrosome and the minus
end of the microtubule at the centrosome (Schatten 1994). During mitosis, not only
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are th e chrom atin and cytoplasm reproduced and inherited by each new cell, the
centrosom e is also reproduced and the centrosomes act as the spindle poles during
mitosis and meiosis so each cell also inherits a centrosome. Sperm entry initiates the
production of a sperm aster which enlarges and moves the paternal pronucleus
tow ards the centre of the zygote (Longo 1987). The m igration of the m aternal
pronucleus begins after contact with the microtubules of the sperm aster. Schatten
(1994) proposes th at "the surface of the maternal pronucleus is covered w ith dynein
like, m inus-end directed motors". These "motors" would drive the m igration of the
m aternal pronucleus from the periphery towards the centre of the sperm aster. The
paternal pronucleus, located at the centre of the sperm aster, and the m aternal
pronucleus soon become closely apposed. The pronuclear membranes disintegrate, the
centrosome splits, the micro tubules become bipolar, and the parental chromosomes
align along the m itotic spindle. In the mouse, mitosis follows w ithin 24 hours of
initial sperm penetration (Hogan et al 1986). The first cleavage division in hum an
embryos occurs slightly later, approximately 36 hours after insem ination (Trounson
et al 1982).

Cleavage of hum an embryos to 4 and 8 cells or blastomeres follows approximately 45
and 55 hours after insemination, respectively. Development through m orula stages
to blastocyst should be expected w ithin five days of fertilization. It has been
suggested th at blastulation can bew expected between the 4th and 5 th cleavage
divisions (Hardy et al 1989). These divisions occur approximately every 24 hours in
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the hum an (Hardy et al 1989). The hum an blastocyst is expected to contain at least
60 nuclei (Trounson and Osborn 1993), although some studies report th a t after in
vitro fertilization only 18% of hum an blastocysts contain this num ber of nuclei, and

the m ajority (61%) contain less than 29 nuclei (W inston et al 1991). The blastocyst
stage is the first stage at which differentiation into two different cell types has
occurred (Van Blerkom et al 1976). The blastocyst consists of a trophectoderm (TE)
and an inner cell mass (ICM) surrounding a fluid filled cavity, the blastocoel.
Approximately 7-9 days after fertilization the hum an embryo hatches from the zona
pellucida and implants in the uterus (Dorloras et al 1991).

Little is known about the immediate post-im plantation development of hum an
embryos as these studies cannot be carried out for ethical reasons. However the
determ ination of cells derived from the mouse blastocyst has been investigated in
greater detail and a brief outine of these events follows. The TE forms both the mural
and polar trophectoderm which, along with the primitive endoderm which is derived
from some cells of the ICM, eventually form the parietal yolk sac. The ICM forms
both the primitive endoderm and the primitive ectoderm. By day 7 of gestation, the
cells of the primitive ectoderm become either the endoderm, (which becomes the
intestine, lungs and liver) ectoderm (which becomes skin and nervous system), germ
cells or mesoderm. The murine mesoderm divides into extraembryonic mesoderm
(which contributes to the visceral yolk sac, the chorioallantoic placenta and the
amnion), the genital ridges, and the somites. Pairs of somite blocks form a segmented
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pattern along the anterior-posterior axis of the embryo and this process is known as
gastrulation. Gastrulation involves the delam ination of mesoderm cells to form a
primitive streak or groove. At the anterior end of the primitive streak, the Hensen's
node appears. The Hensen's node gradually moves posteriorly leaving a trail of
notochord cells separating the mesoderm on each side. Next is the form ation of the
neural folds in the ectoderm and the condensation of the mesoderm cells on either
side of the primitive streak into somite blocks. As development continues, the somites
are divided into more and more pairs until they eventually become the vertebrae,
dermis and muscles. The num ber of pairs of somite blocks, or somites, is a good
indicator of the stage of murine fetal development.

1.3 CONSTRUCTION OF UNIPARENTAL MOUSE EMBRYOS
To study the influence of each parental chromosome set, or genome, on development,
mouse embryos w ith purely maternal or paternal genomes can be constructed.

1.3 . 1 Creation of parthenogenetic m ouse embryos
M am m alian embryos containing only maternal chromosomes can be either
parthenogenetic or gynogenetic. Parthenogenetic embryos, or parthenogenones, are
derived from unfertilized oocytes th at can be stim ulated to divide, or activated, by
environm ental factors such as cold shock (Thibault 1949) or electrical stimulus
(Tarkowski et al 1970, Ozil 1990), or by chemical stim ulants such as hyaluronidase
(Graham 1970), ethanol (Cuthbertson 1983), strontium chloride (O'Neill et al
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1991), calcium ionophore A23187 (W inston et al 1991), or media lacldng calcium
and magnesium (Kaufman et al 1977). Parthenogenetic activation is believed to occur
in a similar fashion to the activation of oocytes which occurs at fertilization. Oocytes
are held in meiotic arrest by the presence of cytostatic factor (CSF; M urray and
Kirschner 1989). CSF prevents degradation of cyclin (Karsenti et al 1987), the
protein responsible for m aintaining the activity of m aturation prom oting factor
(MPF). Active MPF prevents the cell cycle from progressing past the metaphase stage
(M urray et al 1989). Increased concentrations of calcium ions w ithin the oocyte lead
to the breakdown of CSF by calpain II (W atanabe et al 1989), allowing cyclin to be
broken down, MPF to become inactive and subsequent mitosis of the activated
oocyte. An increase in the concentration of calcium ions w ithin the oocyte is believed
to be involved in the activation of mammalian oocytes, whether the ions are released
from intracellular stores or flow into the oocyte through electroporated membranes.
If activation stimulus is applied after extrusion of the first polar body, developm ent
usually proceeds in one of four ways, depending on the activation m ethod and the
post-ovulatory age of the oocyte (Kaufman 1983). The majority of oocytes undergo
the second meiotic division and extrude the second polar body. The remaining
haploid set of chromosomes in the oocyte condense into a single pronucleus. DNA
replication and cleavage follow, but this homozygous parthenogenone carries only one
haploid set of chromosomes. Alternatively, after activation the oocyte m ay undergo
im m ediate cleavage, w ithout replication of the chromosomes, resulting in two
blastom eres each w ith a haploid set of chromosomes.

This mosaic haploid
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parthenogenone then continues to cleave at a rate similar to normal embryos.
However, in some cases of parthenogenetic activation, the second polar body is not
extruded which leaves two sets of chromosomes in the oocyte.

These two

chromosome sets then either form one or two m aternal pronuclei. Replication and
division follow, resulting in a heterozygous diploid parthenogenone.

1.3.2 Creation o f gynogenetic and androgenetic m ouse embryos
Gynogenetic embryos, or gynogenones, also contain only maternal chromosomes but
gynogenones are different from parthenogenones in th at they contain m aternal
chrom osomes from two different oocytes. M urine gynogenones can be physically
constructed by m icromanipulation (M cGrath and Sol ter 1983).

In m urine

pronuclear stage embryos, the paternal pronucleus can be distinguished from the
maternal pronucleus due to its larger size and greater distance from the second polar
body (M cGrath and Solter 1983). The paternal pronucleus can be removed from the
embryo, and replaced w ith a maternal pronucleus from another embryo, resulting in
a diploid gynogenone (Fig. 1.1). In the same way, mouse embryos containing only
paternal chromosomes can be constructed. If the maternal pronucleus is removed and
replaced w ith another paternal pronucleus, a diploid androgenone is formed.

M cG rath and Solter (1983) dem onstrated th at m icrom anipulation and pronuclear
transfer did n ot affect development when they carried out experiments transferring
both male and female pronuclei to previously enucleated zygotes. After this
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REMOVAL OF
PATERNAL
PRONUCLEUS

TRANSFER OF
MATERNAL
PRONUCLEUS

DIPLOID
GYNOGENONE

FIGURE 1.) : Diagram o f enucleation and pronuclear transfer to
form a diploid gynogenetic embryo. The same principle can be
applied to produce a diploid androgenone by removing a maternal
pronucleus and replacing it with a second paternal pronucleus.
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procedure normal development to term was observed.

1.4 DEVELOPMENT OF M URINE UNIPARENTAL EMBRYOS
1.4 . 1 D evelop m ent of m urine parthenogenetic embryos
The developm ent of parthenogenetic rabbit embryos was first studied by T hibault
(1949) and Chang (1952, 1954). After stimulation by cold shock, parthenogenones
developed to blastocyst but no post-im plantation development occurred. The first
reports of development of parthenogenetic embryos to post-im plantation stages was
after the in vivo activation of mouse oocytes by stim ulation of the oviduct w ith an
electric shock (Tarkowski et al 1970).

Of 42 embryos which im planted, 45%

survived to day 7 of gestation, some of which had reached the early egg cylinder
stage. One embryo was recovered on day 10 which had reached the eight-somite
stage. Kaufman et al (1977) activated mouse oocytes in vitro w ith m edia lacking
calcium and magnesium. Twenty five percent of these heterozygous diploid
parthenogenetic embryos developed to somite stages after transfer to pseudopregnant
recipients. The m ost advanced development was of one embryo to the 2 5 -somite
stage, however no development of parthenogenetic embryos to term was achieved.

Several hypotheses were proposed for the failure of parthenogenetic embryos to
develop to term. The first was th at the presence of homozygous lethal alleles was
having a detrim ental effect on development. Two experiments were designed to
generate embryos w ith purely maternal chromosomes but w ith a heterozygous
36

constitution. After fertilization, extrusion of the second polar body was suppressed
by incubating the embryo in cytocbalasin B, a m icrotubule inhibitor (Borsuk 1982,
Surani and Barton 1983). This conferred heterozygosity on the embryo because
there is some crossing over at the first meiotic division. Subsequent microsurgical
removal of the paternal pronucleus (M odlinski 1975, M cG rath and Solter 1983)
resulted in a diploid, heterozygous, gynogenetic embryo. The second technique used
to avoid homozygosity was removal of the paternal pronucleus after fertilization, and
replacem ent w ith a second m aternal pronucleus (M cGrath and Solter 1984a). As
m entioned

previously,

M cGrath

and

Solter

(1983)

dem onstrated

th at

m icrom anipulation and pronuclear transfer per se did not affect development. The
developm ent of diploid, heterozygous gynogenones was similar to homozygous
parthenogenones observed previously, disproving the theory th at the hom ozygosity
alone was impairing development.

The second hypothesis proposed for the poor development of parthenogenones was
th at the cytoplasm of parthenogenetic embryos was abnormal and could not support
full-term development. Using microsurgical techniques a paternal pronucleus was
transferred into a haploid parthenogenetic embryo (Surani et al 1984). M ann and
Lovell-Badge (1984) carried out similar experiments exchanging one m aternal
pronucleus, from a diploid parthenogenone, w ith a paternal pronucleus to restore a
biparental state w ithin a parthenogenetic cytoplasm. These reconstituted embryos
developed normally to term to produce normal, viable offspring, proving th a t the
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parthenogenetic cytoplasm was fully capable of supporting normal developm ent
(Surani et al 1984, M ann and Lovell-Badge 1984).

The third hypothesis for the failure of parthenogenones to develop to term was th a t
some extra-nuclear components of the sperm were being carried into the oocyte at
fertilization and the absence of these components caused developmental failure.
Experiments described above show th at even after fertilization, when the embryo
w ould receive any extra-nuclear components of the sperm, if the pronuclei are
exchanged so th at the embryo contains two maternal genomes instead of a m aternal
and a paternal genome, the embryo will not develop to term. These experiments
dem onstrated th at a paternal genome is required for normal prenatal development.

In 1977 H oppe and Illmensee erroneously reported th at homozygous diploid
parthenogenetic embryos would develop to term.

These results have not been

repeated (M odlinski 1980, M arkert 1982). It has been suggested th a t the m ethod
used by Hoppe and Illmensee to enucleate the embryo may have left a small portion
of the paternal pronucleus w ithin the oocyte. This contribution from the paternal
genome may have been enough to support development to term (M cGrath and Solter
1984a).

1.4,2 D ev elo p m en t o f m u rin e an d ro g en o n es
Androgenetic embryos were first constructed by M odlinski in

1975, by
38

microsurgically removing the maternal pronucleus. Haploid androgenones developed
poorly, only cleaving two or three times after 3.5 days in culture. In 1977 Tarkowski
prepared haploid androgenones by physically bisecting zygotes. After in vitro culture,
haploid androgenones did not cleave more than twice.

Biparental diploid androgenones were first constructed by transfer of a paternal
pronucleus to a fertilized embryo after enucleation of the m aternal pronucleus
(M cG rath and Solter 1984a). Sixty-four percent of these androgenones developed
to morulae or blastocysts, although more recent work shows th at a smaller percentage
(10-20%) is usually expected (Howlett 1988, H ow lett et al 1989). B arton et al
(1984) examined the post-implantation development of androgenetic embryos. After
transferring 122 androgenetic embryos, 23% im planted and only 8 embryos were
recovered from the uterus on day 10 of pregnancy. These androgenones typically
developed to the 5 somite stage b u t had comparatively large extra-embryonic and
yolk sac components compared to the size of fetal tissue. Failure of developm ent of
25% of diploid androgenones can be explained by the YY genotype. Y Y embryos do
not develop beyond two cleavage divisions (Morris 1968). Developmental failure in
the remaining 75% of embryos could not be attributed to homozygous lethal alleles
since the two male pronuclei were derived from different fathers.

1.4.3 D isparity in the post-im plantation developm ent of gynogenetic and
androgenetic m urine embryos
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Reports from Surani and Barton (1983) and Barton et al (1984) showed a surprising
phenotypic difference between the development of gynogenetic and androgenetic
embryos. O f 228 gynogenetic embryos transferred to pseudopregnant recipients,
18.4% im planted (Surani and Barton 1983). On day 11 of gestation, 77% of control
embryos had developed to the 35-somite stage.

One gynogenetic embryo was

recovered from the contralateral uterine horn on day 11. This gynogenone had
developed to the 25-somite stage, however the development of extra-embryonic
tissues was extremely sparse. As described in section 1.4.2, androgenones typically
developed to the 5 somite stage but had comparatively large extra-embryonic and
yolk sac com ponents compared to the size of fetal tissue (Barton et al 1984). In
contrast to gynogenones where fetal development is slightly retarded and extraembryonic tissues are sparse, androgenetic fetuses are extremely retarded w ith
extensive proliferation of the extra-embryonic membranes.

Some parthenogenetic and androgenetic embryos carry a diploid genome. There may
be no chromosomal deletions or m utations on these genomes, bu t the phenotypes of
the conceptuses derived from parthenogenetic and androgenetic embryos are
markedly different. Clearly, neither the maternal nor the paternal genome alone can
support development to term. More important, however, is the observation th at each
parental genome plays a very different role in early embryogenesis. The m aternal
genome seems to be required for the development of the fetus and the paternal
genome required for extra-embryonic proliferation and differentiation (Barton et al
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1984, Surani et al 1984, H ow lett et al 1989). Therefore, the parental origin of the
genomes m ust in some way confer differential expression states on the chromosomes.
These chromsomes m ust be able to "remember" their parental origin by carrying some
sort of im print.

1.5 RECONSTRUCTION OF MURINE BLASTOCYSTS
It was postulated th at one of the reasons for failure of parthenogenetic/gynogenetic
embryos to develop to term was a lack of nutrition at critical stages due to
underdeveloped extra-embryonic tissue (Surani et al 1987).

This theory was

investigated by reconstructing embryos at the blastocyst stage.

Blastocysts can be divided into their ICM and TE components. After removal of the
zona pellucida w ith pronase, the ICM can be cut from the TE w ith a microneedle.
The TE com ponent forms trophoblastic vesicles within approximately 3 hours of this
procedure (Barton et al 1985). It was proposed th at reconstituting blastocysts by
injecting parthenogenetic ICM into normally fertilized TE vesicles may have allowed
development of normal extra-embryonic tissues to support the parthenogenetic fetal
component. W hen Barton et al (1985) carried out this procedure, they found th a t
some embryos developed to 30-40 somites.

This was the furthest th a t

parthenogenetic fetuses had developed indicating th at the normal cells of the TE
supported more extensive development of the parthenogenetic fetal com ponent by
providing either nutrition or paracrine factors.

Since these embryos were only
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partially rescued by a normal trophectoderm, it was clear th at embryos required both
m aternal and paternal contributions to support full-term development.

1.6 CONSTRUCTIO N OF MURINE CHIMERAS
To investigate the ways in which parthenogenetic cells can be supported by cells from
norm al embryos, chimeras can be constructed. After removal of the zona pellucida
with pronase, two different embryos can be joined together during cleavage stages to
form a single embryo, or aggregation chimera.

Aggregation chimeras develop

norm ally and continue to term. Viable progeny are produced w ith approxim ately
equal contributions of cells from each embryo to all tissues (Tarkowski 1961, M intz
1962, McLaren 1976). Chimeras between two different embryos are notated using
a double headed arrow. For example, a chimera between a parthenogenetic and a
norm al embryo is w ritten as a parthenogenetic < -> normal chimera.

1.6.1 D evelopm ent o f parthenogenetic < -> normal chimeras
Parthenogenetic cells can differentiate and contribute to tissues of norm al, viable
chimeric offspring when aggregated w ith normally fertilized embryos at cleavage
stages (Stevens et al 1977, Surani et al 1977, Anderegg and M arkert 1986). After
aggregation of 8-cell parthenogenetic embryos w ith 8-cell fertilized embryos,
Anderegg and M arkert (1986) observed normal development to blastocyst w ith rates
of chimeric offspring approximately equal to fertilized < -> fertilized chimeras.
However, those parthenogenetic < -> fertilized chimeras which did develop to term
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were significantly smaller than control chimeras at parturition (Stevens et al 1977,
Anderegg and M arkert 1986, Thomson and Solter 1989). Parthenogenetic cells are
clearly capable of differentiation when they are supported by normal cells, b u t rates
of proliferation may not be normal. Differentiation of parthenogenetic cells has also
been dem onstrated in extra-uterine sites such as the testis and kidney capsule (lies
et al 1975, Stevens 1978).

Aggregation of embryos with either different isozymes of glucose phosphate isomerase
(GPI) (Nagy et al 1987, Surani et al 1988, Fundele et al 1989) or w ith transgenes
incorporated into the genome to act as genetic markers (Thomson and Solter 1989)
have been used to follow the fate of parthenogenetic cells during development. These
experiments have dem onstrated th at during post-im plantation stages, severe and
extensive selective pressure is applied to parthenogenetic cells.

Consequently,

parthenogenetic cells are virtually eliminated from the extra-embryonic tissues and
only survive in the embryonic component (Nagy et al 1987, Surani et al 1988). This
selective elim ination of parthenogenetic cells from the TE occurs before 6.5 days
gestation (Clarke et al 1988, Thom son and Solter 1989) w hen embryos are
undergoing extensive differentiation and proliferation. N ot only does elim ination
occur at these early stages b u t parthenogenetic cells are specifically elim inated from
some tissues of the fetus as development continues and in postnatal chimeric mice,
significantly lower numbers of parthenogenetic cells are found in skeletal muscle, liver
and pancreas than in brain, heart, kidney and spleen (Fundele et al 1990). Selective
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elim ination of parthenogenetic cells in aggregation chimeras is both tissue specific
and dependent on stage of development. Parthenogenetic cells may be elim inated
because they are unable to express genes necessary for participation in events
occurring both at particular developmental stages and/or in specific tissues. Further
evidence for the stage-specific elim ination of parthenogenetic cells is provided by
recent work which has shown that parthenogenetic embryos are more likely to die at
defined stages in development. Varmuza et al (1993) showed th a t approxim ately
50% of m urine parthenogenones die during the peri-im plantation period, a further
30% die during the pre-gastrulation period and the remaining 20% die around day
7.5, after gastrulation.

These workers suggested that, at precise tim e-points,

developmental events were occurring in which parthenogenetic cells were not capable
of participating (Varmuza et al 1993).

1.6.2 D evelopm ent o f androgenetic < -> normal chimeras
In contrast to the selective elim ination of parthenogenetic cells from the
trophectoderm al derivatives of chimeras (as discussed above), participation of
androgenetic cells in development is specifically confined to the trophectoderm al
derivatives.

Surani et al (1988) found th at after transferring androgenetic < ->

fertilized chimeras to pseudopregnant recipients, 32% reached parturition bu t none
of the progeny contained androgenetic cells. In a second series of experiments where
fetuses were examined at day 10 of gestation, however, androgenetic cells were
present b u t confined to the trophoblast and yolk sac, in some cases contributing up
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to 50% of the cells in these tissues. The absence of androgenetic cells in offspring
produced from androgenetic <-> fertilized chimeras can be explained if androgenetic
cells are selectively elim inated from the embryo proper, and only participate in
growth

and

differentiation

of the

extra-embryonic

derivatives.

Just

as

parthenogenetic cells may not have the necessary genetic inform ation to participate
in proliferation of the extra-embryonic derivatives, androgenetic cells may not be able
express genes necessary for participation in development of the fetus.

Although full-term development can be achieved when cells w ith purely m aternal or
paternal genes are incorporated into chimeras w ith normally fertilized embryos, the
contribution of parthenogenetic or androgenetic cells to the developing fetal and
placental tissues is distinctly different. Clearly, the chromosomes in these cells are
m arked in some way throughout development, and moreover, behave differently
because they are derived from different parents.

1.7 THE EFFECTS OF CHROMOSOME DELETION/DUPLICATION O N
M URINE EMBRYONIC DEVELOPMENT
U ntil 1985 the study of differential parental effects had involved the extreme
approach of exchanging whole parental genomes and the possibility th a t
chromosomal regions or specific genes were im printed had not been investigated.
Study of parental inheritance of some chromosomal deletion/duplication m utations
has revealed interesting phenotypic differences in offspring depending on which
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parent contributes the mutation.

The T /t locus which maps to chromosome 17 in the mouse is known to contain 5
lethal m utations (Erickson et al 1978). In 1976, Spiegelman et al had found th at
inheritance of the t'^^^ m utation, contained within the T/t locus through the paternal
line caused unusually high rates of lethality, although m aternal transm ission had no
phenotypic effect. Likewise the hair-pin tail m utation (t^^), also contained w ithin this
locus, causes pre- or post-natal death when maternally inherited, but when paternally
inherited embryos develop to term and survive to adulthood (Dickie 1965, Johnson
1974). M cG rath and Solter (1984b) confirmed th at this was a nuclear defect rather
than a cytoplasmic one by transferring t^^ pronuclei to normal oocytes which resulted
in the same phenotypic effect. In 1986 Cattanach also reported lethality due to the
presence of two m aternal copies w ithout a paternal copy (m aternal disomy) of this
region of chromosome 17.

U nderstanding of the effects of the parental contribution of particular chromosomal
regions was greatly enhanced by studies in which both copies of a chromosomal
region were either m aternally or paternally derived (Cattanach and Kirk 1985,
Cattanach 1986). Parental duplication (disomy) or deletion (nullisomy) of particular
chrom osome regions was achieved by crossing animals w ith different Robertsonian
translocations.

In mice, Robertsonian translocations are produced w hen normal

separation of chromosomes fails to occur due to centric fusion of pairs of
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chrom osom es so th at offspring receive either two copies or no copies of a
chrom osome from one parent, b u t still retain a diploid chromosome constitution.
C attanach (1986) found th at parental disomy or nullisomy of m ost chromosome
regions produced normal viable mice.

In some cases, however, very different

phenotypic effects were evident.

M aternal duplication or paternal deficiency of regions of chromosomes 2, 6, 7, and
8 caused pre- or post-natal death, whereas viable mice were obtained when the
duplication was paternally inherited (Cattanach 1986). This pattern of lethality may
be caused either by duplication of one chromosome, suggesting a dosage effect, or by
the complete absence of one parental chromosome, resulting in a lack of proteins
required for embryonic survival.

Disomy of the distal region of chromosome 2

exhibited contrasting phenotypes in the progeny depending on parental origin of the
translocation (C attanach 1986). M aternal disomy produced hypokinetic offspring
which had arched backs and flat-sided bodies. Paternal disomy, however, resulted in
hyperldnetic individuals w ith short, square and flat bodies.

C attanach (1986) also found th at m aternal and paternal duplication of other
chromosomal regions produced viable mice but w ith strikingly different phenotypic
variations depending on parental inheritance. M aternal disomy of chromosome 11
produced viable animals th at were approximately 30% smaller than their norm al
littermates. In contrast, those mice inheriting a paternal disomy of chrom osome 11
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were born approximately 30% larger than their normal litterm ates. In both types of
parental disomy the progeny exhibited normal viability, post-natal growth rates and
fertility. The only difference between the genotypes of the individuals exhibiting
these anomalous and apparently opposite phenotypes was in the parental derivation
of the translocation. Clearly, the parental chromosomes function differently during
the developm ent of the embryo.

After finding th a t differential effects of parental origin were acting on some
chromosome regions, the challenge was to examine smaller genetic sequences or
specific genes to find out the extent of im printing in the genome.

1.8 THE EFFECTS OF GENOMIC IM PRINTING O N THE DEVELOPMENT
OF TRANSGENIC MOUSE EMBRYOS
W hen DNA constructs are injected into the pronucleus of a mouse zygote, some of
the constructs will be incorporated into the host genome. These constructs are then
Icnown as transgenes and serve as genetic markers.

Transgenes are usually

transcriptionally active b u t functionally inactive w hen used as genetic markers.
Transgenes have been used to study the inheritance patterns of parts of the genome;
to leam more about where imprinted regions are found within the genome; and w hat
mechanisms may be responsible for imprinting.

Swain et al (1987) used a strain of transgenic mice carrying a RSV-S107 autosom al
48

insert which is a combination of part of the Rous sarcoma virus and a gene from the
S I 07 mouse plasmacytoma cell line. After passage through the male germ line the
transgene was expressed. Conversely, when the transgene was passed through the
female germ line it was not expressed. De Loia and Solter (1990) also found th at the
passage of a functional transgene (pLl 16) through the paternal line, led to expression
of the transgene which caused phenotypic abnormalities. Passage of this transgene
through the m aternal line produced offspring which were phenotypically normal.
Although these experiments are consistent w ith an im printing effect, there are a
num ber of reasons why they should be interpreted w ith caution. Since transgenes
insert randomly into the genome, the first assumption is th at they will behave in the
same m anner as the endogenous sequences flanking them .

This is a major

assum ption because transgenes may have different patterns of expression merely
because they are foreign to the surrounding DNA. Secondly, the introduction of the
transgene into the genome may cause some change in expression due to the physical
process of incorporation, or it may disturb a gene sequence causing a disruption in
the normal pattern of expression. Thirdly, structure of the DN A m ay affect the
insertion of the transgene. For example, the transgene may insert more frequently
into heterochromatic or tightly coiled regions of the DNA. It may be interpreted th at
expression of the transgene represents the whole genome, whereas, if the transgene
was preferentially incorporated, the expression of the transgene would only be
representative of these heterochrom atic regions.

This would provide erroneous

inform ation about the mechanisms and extent of im printing in the genome (as
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discussed by Reik et ai 1990).

To find out more about the effects of genomic imprinting at a single gene level, it was
necessary to find examples of endogenous im printed genes.

1.9 ENDO G ENO US GENES W HICH ARE IMPRINTED IN THE M OUSE
GENOME
Recently, four endogenous imprinted genes have been identified. Barlow et al (1991)
discovered th at the insulin-like growth factor II receptor (IGFIIr) gene, located in the
T^e

of mouse chromosome 17, was expressed only from the m aternal

chromosome. Absence of a maternal copy of the IGFIIr gene was lethal by day 15 of
gestation. This was the first tim e an endogenous gene, rather than a chromosomal
region, was shown to he im printed.

D eC hiara et al (1991) reported th at the insulin-like growth factor II (IGFII) gene,
located on mouse chromosome 7, was also imprinted.

In this case, a targeted

disruption of the gene encoding IGFII was employed to block the transcription of the
gene. M aternal transmission of the disrupted gene had no phenotypic effect on
development. However, transmission of the disrupted gene through the paternal line
resulted in progeny th at were growth deficient (dwarf phenotype). This gene does
not function properly unless a paternally inherited copy is present. IG F II is known
to have m itogenic properties in the embryo (Czech 1989) so, if the gene does not
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function properly w hen only a maternal copy is present, it is not unexpected th a t a
dw arf phenotype results. The dwarf phenotype may also relate to the size effects
observed in parthenogenetic < -> fertilized aggregation chimeras (Stevens et al 1977,
Anderegg and M arkert 1986, Thom son and Sol ter 1989). In these chimeras, up to
50% of th e cells are of parthenogenetic, or purely m aternal origin. If these cells
cannot produce functional copies of the IG F II ligand due to a lack of paternally
inherited IG F II genes, this may explain the consistently smaller size of these
chimeras.

Passage of the disrupted IG FII gene from heterozygous dwarf males m ated to normal
females results in a 50/50 ratio of normal to dwarf phenotypes. T hat is, all offspring
carrying the disrupted gene have received it through the paternal line and all show
the dwarf phenotype. But when heterozygous dwarf females are m ated to normal
males all th e offspring are of normal size. Even though approximately 25% of the
offspring carry one disrupted gene and one normally functioning gene for IG FII, the
disrupted gene no longer has a phenotypic effect after passage through the m aternal
germ line, and all the offspring are of normal size. This demonstrates one of the m ost
im portant facets of the phenom enon of genomic imprinting, the ability for the
im print to be completely erased and re-established w ith transm ission through either
parental germ line. Failure to erase the imprint would mean the inheritance patterns
of the phenotype would resemble those of a m utation.
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The mouse H 1 9 gene which is of unknown function is also im printed (Bartolomei et
al 1991). H I 9 maps to chromosome 7 and is closely linked to the IG F II gene
(Bartolom ei et al 1991).

The H I 9 gene is only expressed from the m aternal

chromosome (Bartolomei et al 1991). Absence of a maternal copy of H I 9 results in
late prenatal lethality. Interestingly, although H I 9 and IG F // are m apped to the
same region of chromosome 7, the IG FII gene is only expressed from the paternal
chromosome, suggesting th at the im printing mechanism can be very precise in its
actions.

In 1992, another im printed gene was discovered. This gene encoding a small nuclear
ribonucleoprotein polypeptide N (Snrpn), of unknown function, is also located on
mouse chromosome 7 and is expressed only from the paternal chromosome (Leff et
al 1992). Mice w ith paternal disomy of the proximal T 9H region, which carries the
Snrpn gene, exhibit decreased post-natal viability, growth retardation, and th in and

frail bones (Cattanach et al 1992). Mice with maternal disomy of this region die 3-8
days after birth (Cattanach et al 1992).

1.10 GENOMIC IM PRINTING IN H UM AN DEVELOPMENT
Evidence of a role for genomic im printing in hum an development has come from
three areas of study.

Firstly, the karyotypic analysis of tissues from aborted

pregnancies and intrauterine growths, secondly, the study of inheritance patterns of
genetic disorders and cancer pre-disposing syndromes, and, thirdly, the molecular
52

analysis of m alignant tum ours have been investigated.

1.10.1 T he form ation and developm ent of hydatidiform m oles
The complete hydatidiform mole is the abnormal development of a conceptus w ith
extensive proliferation of extra-embryonic tissue bu t w ithout any fetal com ponent.
The conceptus is usually spontaneously aborted in the second trimester of pregnancy.
Karyotypic analysis of complete hydatidiform moles shows that they have the normal
com plem ent of 46 chromosomes, usually w ithout any chromosomal abnormalities.
The analysis also shows, however, th at all of the chromosomes are of paternal origin
(Szulman and Surti 1978).

Jacobs et al (1980) showed th at m ost complete

hydatidiform moles originated from the fertilization of an anucleate oocyte w ith a
single haploid sperm which is then duplicated w ithout cytokinesis, resulting in a
diploid androgenetic embryo. It is not unexpected th at the development of complete
hydatidiform

moles strongly resembles the development of experimentally

reconstructed androgenetic mouse embryos.

This supports the theory th at in

humans, as in mice, normal development to term cannot proceed w ithout a genomic
contribution from both parents.

1.10.2 T he developm ent of triploid hum an fetuses
H um an embryos carrying an extra set of parental chromosomes can develop for up
to 29 weelcs of gestation. Triploid hum an embryos have either one maternal genome
and two paternal genomes (diandric) or one paternal genome and two m aternal
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genomes (digynic). Diandric triploid embryos result from fertilization of an oocyte
either by a diploid sperm or by two sperm. Digynic triploid embryos result from
fertilization of a diploid oocyte, which has not undergone either the first or the
second meiotic division (M cFadden et al 1993).

The development of diandric embryos, not surprisingly, resembles th a t of complete
hydatidiform moles which are androgenetic, and diandric embryos are usually termed
partial hydatidiform moles. Partial hydatidiform moles develop relatively norm al
fetal com ponents b u t their associated placentas are unusually large and have cystic
chorionic villi (McFadden et al 1993). Digynic triploid hum an embryos develop into
retarded fetuses w ith macrocephaly.

The associated placentas are of normal

appearance, b u t are abnormally small (McFadden et al 1993). The phenotypes of
diandric and digynic triploid hum an fetuses and their placentae strongly resemble the
phenotypes of androgenetic and gynogenetic mouse embryos, respectively. Clearly,
for normal hum an development not only is a genetic contribution from both parents
required, b u t only one genome from each parent m ust be contributed.

The

phenotypes of these triploid fetuses add to the evidence for a role for genomic
im printing in hum an embryonic development.

The extrapolation of experiments carried out in mice to hum an embryonic
development are not appropriate due to the differences in parental derivation of the
centrosome, tim ing of developmental events, differentiation of tissues of the
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developing embryo, and strategies for implantation.

Further experimental elucidation of the role of genomic im printing on early
em bryonic development in hum ans cannot be carried out because the experiments
involved would require m anipulation of the hum an embryonic genome and
subsequent transfer of those embryos to recipient females. Clearly, these experiments
would be totally unacceptable for ethical reasons so for the reasons outlined above
it is necessary to use a non-hum an prim ate model.
t

1.11 H U M A N A N D N O N -H U M A N PRIMATE IN VITRO FERTILIZATION
A lthough in vitro fertilization (IVF) of mam m alian oocytes had been achieved in
rabbits in the late 1950's (Chang 1959), successful primate IVF was not accomplished
until 1969 w hen Edwards et al reported the in vitro fertilization of hum an oocytes.
The first report of non-hum an prim ate IVF was some 4 years later, w hen Gould
(1973) achieved fertilization of 11 of 22 squirrel monkey oocytes. Only six of these
embryos cleaved and none progressed past the two-cell stage. It was only after the
birth of a hum an infant after IVF and embryo transfer (Steptoe and Edwards 1978),
th at further progress was reported in IVF of non-hum an primates. By this time it was
considered prudent to develop a non-hum an primate model for in vitro fertilization
and development. This would allow investigation of genetic effects of IVF, the
requirem ents for embryo culture, and embryo m anipulation which would not be
possible using hum an embryos due to ethical constraints.
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T he investigation of non-hum an prim ate IVF initially centred on the squirrel
monkey, which is a relatively small new world primate. Fertilization rates were in the
region of 50-60% (Kuehl and Dukelow 1979, Chan et al 1982, Dukelow et al 1983).
In 1983, chimpanzee (Gould 1983) and rhesus monkey oocytes (Bavister et al 1983)
were successfully fertilized in vitro at rates of 50% and 43%, respectively. Subsequent
em bryo transfer of rhesus IVF embryos led to the production of live offspring.
Bavister et al (1984) transferred 22 rhesus IVF embryos t o l l recipients at the 4-8
cell stage b u t only one recipient carried the pregnancy to term. In the same year, 17
in vitro fertilized cynomolgus macaque embryos were transferred to 7 recipients b u t

again only one embryo developed to term (Balmaceda et al 1984). Despite poor
pregnancy rates, these reports dem onstrated th at non-hum an prim ate IVF embryos
were also capable of full term development.
IVF in the marmoset monkey was first developed in 1988, with a fertilization rate of
61% (Lopata et al 1988). Embryo transfer following IVF in the m arm oset was more
successful than in any other primate, including the hum an. Two of three recipient
marmosets became pregnant and three of five m arm oset IVF embryos developed to
term (Lopata et al 1988). This supported the contention th a t poor pregnancy rates
in other non-hum an prim ate species were due to the lack of a reliable system for
synchronisation of recipient females. M arm oset monkey recipients can be reliably
synchronised using a prostaglandin Fg^ analogue, cloprostenol, which causes
prem ature luteolysis (Summers et al 1985), and therefore embryo transfers can be
carried out when the uterine environment is suitable for embryonic development and
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implantation.

T he rate of in vitro fertilization of hum an oocytes is now approximately 55%
(T rounson and Osborn 1993) but this can vary widely between individual IVF
centres. Care m ust be taken in comparing the rates of IVF between hum an and nonhum an primates because hum an IVF usually involves the use of gametes from at least
one potentially infertile individual.

1 . 1 1 . 1 Culture o f in vitro fertilized primate embryos
The developm ent of prim ate embryos in vitro has always proved difficult (Boatm an
1987). Initially a complex medium, TC-199, supplem ented w ith 20% serum, was
used to culture squirrel monkey oocytes. These embryos developed poorly, only 52%
of fertilized embryos developed beyond two cells in culture and only a few embryos
reached 16 cells (Dukelow et al 1983). Ham's F-10, another complex m edium which
has been shown to support the development of hum an embryos to the blastocyst
stage (Edwards 1972) was used to culture chimpanzee IVF embryos (Gould 1983).
However, only five of thirty chimpanzee IVF embryos developed to two cells (Gould
1983). These complex media also failed to support the development of in vivo
fertilized rhesus and cynomolgus macaque embryos. Eleven of fourteen embryos did
n o t cleave more th an once in culture (Kreitm ann and Hodgen 1981). In 1983,
Bavister et al attem pted to culture rhesus monkey IVF embryos in a simple culture
medium, TALP supplemented with glutamine, isoleucine, methionine, phenylalanine
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and 2% heat inactivated rhesus monkey serum. This proved m uch more successful
for early cleavage stage embryos, 79% cleaved once and 69% of embryos reached the
eight-cell stage (Bavister et al 1983). Seventy-one percent of cynomolgus IVF
embryos (Balmaceda et al 1984) and 24% of lion-tailed macaque IVF embryos
(Cranfield et al 1988) cleaved at least once, and 45% of rhesus monkey IVF embryos
reached hatched blastocyst (W olf et al 1989) after culture in simple medium. Some
workers have continued to use complex media for culture of primate IVF embryos but
only 14% of chacma baboon IVF embryos (Fourie et al 1987) and 9% of squirrel
monkey IVF embryos (Pierce et al 1993) cleaved when cultured in Ham's F-10 and
TC-199, respectively.

Bavister et al (1983) noted th at 52% of rhesus monkey IVF embryos arrested
betw een th e 8 and 16-cell stages whilst cultured in TALP, and suggested th a t
although simple media could support development in early cleavage stages, it was
possible th a t a more complex medium was required for further pre-im plantation
development. This was borne out by experiments culturing rhesus m onkey IVF
embryos in CM R L-I066, a complex medium. Although fewer embryos reached the
eight cell stage compared to culture in TALP, 68% of 8-cell embryos reached m orula
when cultured in CMRL-1066 medium but only 13% of 8-cell stage embryos reached
blastocyst w hen cultured in TALP (Boatman 1987).

1 . 1 1.2 D evelop m ent o f m arm oset embryos in vitro
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Of nine cleavage stage marmoset embryos, which were fertilized in vivo and cultured
in M l 6, a simple medium generally used for mouse embryo culture, only 3 reached
the m orula stage and 5/9 arrested at or before the eight-cell stage (Harlow 1984).
Lopata et al (1988) reported th at 3/21 m armoset IVF embryos developed to
blastocyst after culture in minim um essential m edium (MEM) supplem ented w ith
10% hum an cord serum. Interestingly, just under 50% of these embryos arrested
betw een the 8 and 16 cell stage (Lopata et al 1988). In a more recent study,
marmoset IVF embryos were cultured in M EM and 10% m arm oset serum, b u t only
one embryo reached the 32 cell stage and the average development was to 7.7 cells
(W ilton et al 1993).

1 . 1 1.3 Co-culture of primate embryos
Until the natural physiological environm ent of the embryo in the oviduct or uterus
can be reliably sim ulated by in vitro culture media, embryo developm ent in vitro is
likely to be compromised. W ith the aim of mimicking natural conditions there has
been much interest in the co-culture of mammalian pre-im plantation stage embryos
with cell feeder layers.

Culture of marmoset embryos in M l 6 and BSA or in MEM and marmoset serum on
a marmoset oviduct epithelial cell layer had no significantly beneficial effect on the
extent of cleavage (W ilton et al 1993). Co-culture in the same media using marmoset
sldn fibroblast cell layers proved detrim ental, m armoset embryos only reached an
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average of 3.3 cells (W ilton et al 1993).

1.12 PARTHENOGENETIC ACTIVATION OF PRIMATE OOCYTES
The induction of parthenogenesis in mice has been described in detail in Section
1.3.1. Parthenogenetic activation of prim ate embryos, however, has proved m uch
more difficult. The only primate in which parthenogenetic activation has been
reported is the hum an.

The stim uli which induce parthenogenetic activation of hum an oocytes were first
studied to prevent the possibility of transfer of parthenogenones to recipient females
undergoing IVF treatm ent. Johnson et al (1990) found th a t 33% of fresh and 20%
of aged hum an oocytes activated after exposure to acid Tyrode's solution for zona
pellucida removal. The pressure used to aspirate oocytes from follicles also caused low
rates of activation (Muechler et al 1989). As a check on handling and procedures in
clinical IVF programmes, Abramczuk and Lopata (1990) subjected a total of 69
hum an oocytes to various stimuli to which oocytes are exposed during routine IVF.
Exposure to either hyaluronidase, sperm supernatant, ethanol, or cold shock did not
induce any activation. These studies showed th at it was inherently more difficult to
parthenogenetically activate hum an oocytes than mouse oocytes, and this, for the
purposes of routine IVF, was advantageous. However, it became apparent th at a
m ethod of intentionally activating "spare" oocytes or oocytes th a t had failed to
fertilize would supplem ent embryonic material for experimental studies of hum an
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pre-implantation development and cytogenetics.

W inston et al (1991) exposed hum an oocytes to either ethanol or calcium ionophore
A23187. Ethanol only activated 16% of oocytes but calcium ionophore activated up
to 60% of oocytes. The resulting hum an parthenogenones underwent a maximum of
three cleavage divisions to reach the 8-cell stage in vitro (W inston et al 1991). De
S utter et al (1992) and Balakier and Casper (1993) found th a t purom ycin, an
inhibitor of protein synthesis, activated up to 91% of hum an oocytes, b u t only 16%
reached the two-cell stage (De Sutter et al 1992). Clearly, the use of parthenogenones
for observations of pre-im plantation development requires th at embryo viability is
not compromised by activation stimulus. At present it appears th at calcium
ionophore is the m ost reliable m ethod of activating hum an oocytes w ithout
compromising developmental potential of parthenogenones.

1.13 PRONUCLEAR TRANSFER IN HUM AN ZYGOTES
Another m ethod of creating uniparental embryos is by pronuclear transfer. The
literature regarding the m anipulation of murine embryos has been discussed in
Sections 1.3-1.7. There is little information regarding pronuclear m anipulation in
hum an zygotes. Pronuclear transfer has not been reported because, in hum ans, these
types of experiments are ethically unacceptable. Attempts have been made, however,
to remove extra pronuclei from triploid embryos to rescue valuable embryonic
material (Rawlins et al 1990, Cohen et al 1994, Palermo et al 1994).
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The parental origin of pronuclei in one-cell mouse embryos can be determ ined
because the m aternal pronucleus is smaller than the paternal pronucleus and is
initially located nearer to the second polar body. Determ ination of the parental origin
of hum an pronuclei has proved much more difficult for a num ber of reasons. Firstly,
the pronuclei are of similar size (W iker et al 1990). Secondly, the proxim ity of one
pronucleus to the second polar body is not necessarily indicative of its parental origin
(W iker et al 1990). A third possible m ethod of identifying the paternal pronucleus
is to look for sperm tail remnants associated with one pronucleus. W iker et al (1990)
found th a t of 312 pronuclear stage hum an embryos, only in three (1%) were the
sperm tail rem nants observed. However, it is possible to successfully remove one of
the extra pronuclei from hum an embryos (Palermo et al 1994, Cohen et al 1994) and
development can proceed up to the 16-cell stage (Palermo et al 1994).

If it were possible to reliably identify the parental origin of prim ate pronuclei this
procedure would provide a valuable m ethod of restoring hum an polyspermie embryos
to a diploid state and would also facilitate the production of uniparental non-hum an
primate embryos for research purposes.
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1.14 CONCLUSIONS A N D AIMS OF THIS STUDY
The m ajority of information regarding the role of genomic imprinting in m am m alian
early embryonic development has been derived from studies in the mouse. The
effects of genomic im printing are m ost strildngly dem onstrated by the distinctive
phenotypes of mouse embryos carrying only m aternal (parthenogenetic) or only
paternal (androgenetic) chromosomes and have been described in detail in Section
1.4. M urine parthenogenones develop a relatively normal, if slightly retarded fetus
and extremely sparse extra-embryonic tissues. In contrast, m urine androgenones
develop

extensive extra-embryonic tissues associated w ith very poor fetal

development. U niparental embryos carry the correct num ber of chromosomes, and
these chromosomes do not have any mutations or deletions. Studies using transgenic
mice and mice carrying Robertsonian translocations also show th a t genomic
im printing can have remarkable effects on early embryonic development in mice.

In prim ates however, the effects of genomic im printing on early embryonic
development are less clear. W inston et al (1991) have parthenogenetically activated
hum an oocytes using calcium ionophore A23187, and dem onstrate th a t hum an
parthenogenones can develop to the eight-cell stage. However, it is of great interest
to determine whether uniparental hum an embryos display similar phenotypic effects
to m urine uniparental embryos.

These studies would involve the genetic

m anipulation of hum an embryonic material and subsequent embryo transfer, which
is obviously ethically unacceptable. These studies, including pronuclear transfer,
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could be carried out using a primate model if gametes and early embryos were readily
available.

The com m on m arm oset monkey (Callithrix jacchus) is a small new world prim ate
originally from South America. It is polyovular, does not undergo seasonal anoestrus
and is easy to breed in captivity. In vitro fertilization has been described in this
species, so stage-specific early embryos could be made available.

There are, however, a num ber of prerequisites for the successful accomplishm ent of
these studies, which have never been attem pted in any non-hum an primate. In
particular, production of uniparental non-hum an primates by either pronuclear
transfer or by parthenogenetic activation has never been described. The development
of techniques required for study of the effects of genomic im printing on embryonic
development in non-hum an primates include parthenogenetic activation of oocytes,
identification of m aternal and paternal pronuclei, and protocols for the fusion of
pronuclear karyoplasts to one-cell embryos after pronuclear transfer.
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The aims of this study were:
1. To m odify and extend existing protocols for IVF and m arm oset embryo culture.
Previous reports of m arm oset IVF achieved fertilization rates of 53% and
developm ent of 20% of embryos to blastocyst (Lopata et al 1988). However, w ith
the attritio n of embryos likely to be high due to the m anipulation required to
produce uniparental embryos, it was necessary to improve the IVF system to
maximise embryonic material.

2. To identify the parental origin of marmoset pronuclei so th at successful pronuclear
transfer of paternal pronuclei could be carried out to make androgenetic m arm oset
embryos.

3. To establish a reliable system for the fusion of m arm oset one-cell embryos and
pronuclear karyoplasts after micromanipulation and pronuclear transfer.

4. To develop a reliable protocol for the parthenogenetic activation of m arm oset
oocytes and m onitor their development in vitro.

5. To transfer parthenogenetic embryos to recipient female m armosets and to
investigate the development of marmoset parthenogenones in vivo using horm onal and
histological analysis.
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CHAPTER TW O

IN VITRO FERTILIZATION
AN D EMBRYONIC DEVELOPMENT
IN THE MARMOSET MONICEY
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2.1 INTRODUCTION
The effects of genomic imprinting on embryonic development can be studied
b\' creating embryos containing only maternal or only paternal chromosomes.
This can be achieved by reconstructing one-cell embryos by pronuclear
transfer. In order to carry out pronuclear transfer a reliable source of one-cell
embr\^os is required. In some species, it is relatively easy to m anipulate and
m onitor ovulation so th at embryos at specific stages of developm ent can be
recovered. For instance, studies using the mouse (see Hogan et al 1986) have
shown that ovulation can be m anipulated using the exogenous horm ones
pregnant mare serum gonadotrophin

(PMSG) and hum an

chorionic

gonadotrophin (hCG). Ovulation usually occurs 10 hours post-hCG injection
followed by fertilization approximately 11-13.5 hours after hCG (Hogan et al
1986). This predictable and highly reliable response to hCG, which allows
collection of embryos at known developmental stages, is not reproducible in
all species.

In the marmoset monkey, the time between hCG administration and ovulation
varies quite widely both w ithin and between animals (Harlow 1984) m aking
the collection of embryos at defined developmental stages very difficult.
Therefore, when m anipulation at pronuclear stages is required, in vitro
fertilization (IVF) is necessary to determ ine insem ination tim es and to
m onitor developmental stage. Lopata et al (1988) developed protocols for IVF
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in m arm oset monkeys, however on average only 1.7 oocytes were collected
from each animal, and only 48% (27/56) of these oocytes fertilized. However,
53% (25/47) of oocytes recovered from larger (>2.5 mm) follicles fertilized
(Lopata et al 1988). Although these rates of collection and fertilization were
comparable to those of other primate species, the number of animals available
for these studies was limited. Therefore, it was in my interest to modify the
existing regime to maximise both oocyte collection and fertilization rates to
create the largest num ber of embryos possible. The original protocol, the
modifications and changes made to the system, and the results obtained are
detailed in this chapter.

Some of these findings have been published

previously (W ilton et al 1993). However, the results reported in this chapter
are more extensive and include the culture of m arm oset embryos in the
oviducts of live mice.

2.2 M ATERIALS A N D M ETH O D S
2.2.1 T h e m a rm o se t colony
The experiments reported in this thesis were carried out on common m am toset
monkeys (Callithrix jacchus) which were housed at The Institute of Zoology.
The colony is used for both breeding and research. The animals are housed
according to Home Office regulations [Animals (Scientific Procedures) Act
1986] and are kept either in breeding pairs or family groups. M armosets reach
m aturity at about eighteen months of age (Heam 1983) and are then removed
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from the family group and paired. Each pair is allowed to produce one litter
to prove fertility before the pair becomes part of the experimental colony.

2 .2 .2 The m arm oset ovarian cycle
Marmosets have a 27-29 day ovarian cycle (Harlow et al 1983). The follicular
phase is 8-10 days, and the luteal phase is 18-20 days (Harlow et al 1983).
A prostaglandin Eg, analogue, cloprostenol {0.5fig; Estrumate, Coopers Animal
H ealth Ltd., Bristol, UK.) administered between days 10 and 24 of the luteal
phase causes prem ature luteolysis and effectively resets the cycle to the
beginning of the follicular phase (Summers et al 1985).

Females in the

experim ental colony are routinely m onitored for ovulation. A blood sample
(0.3 ml) is taken from the femoral vein and progesterone levels in the
peripheral plasma are determined by enzyme-linked im m unosorbent assay
(ELISA; Hodges et al 1988). The day of ovulation is defined as the day before
progesterone rises above 10 ng/ml(Harlow et al 1983).

2 .2 .3 Synchronisation of marmoset oocyte donors
Oocyte donors received 0.5)Ltg cloprostenol by intram uscular injection at 9am
between days 10 and 24 of the luteal phase.

The day of cloprostenol

adm inistration was designated Day 0. At 1 pm on Day 7 the animals received
an intram uscular injection of 75 iu of hum an chorionic gonadotrophin
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(C horulon, Centaur, Castle Cary, Somerset, U.K.). Laparotomy was carried
out between 10 am and 1 pm on Day 8 (i.e. 20-24 hours post hCG injection).

2 .2 .4 M arm oset oocyte collection
O ocytes were collected by follicular aspiration as described by Lopata et al
(1988). Females were anaesthetized w ith Saffan (—2.5 ml/kg body weight;
C entaur, Castle Cary, Somerset, U.K.).

The ovaries and uterus were

exteriorised by mid-line laparotomy, and the number and size of follicles on
each ovary were noted.

Follicles less than 2mm in diam eter consistently

yielded oocytes which had not extruded a second polar body and consequently
were too imm ature to undergo fertilization.

For this reason only follicles

which were larger than 2mm in diam eter were aspirated.

Follicles were

aspirated with a pulled 1.5 mm diameter glass capillary, broken off at 0.7-0.8
mm diameter, which was attached to a micrometer syringe w ith rubber tubing.
Using the microforge, the tip of the pipette was extended on one side to form
a sharp spike so th at the follicle could be easily punctured. Once the follicle
was punctured, the contents were drawn out. This procedure was repeated
two or three times. The follicular contents were expelled into a 35m m sterile
petri dish (Merck, Lutterworth, Leics, U.K.) containing alpha modified
m inim um essential medium (aM EM ; Merck, Lutterworth Leics, U.K.)
buffered with 25 mM Hepes and supplemented with 0.05 mg^ml streptomycin
sulphate, 0.06 mg/ml penicillin (all from Sigma Chemical Co. Ltd., Poole,
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Dorset, U.K.), 1 iu/ml heparin (Monoparin; CP Pharmaceuticals Ltd.,
W rexham, UK) and 1% heat inactivated m armoset serum.

The reproductive organs of the donor female were coated in 30% w/v Dextran
(Pharm acia Fine Chemicals, M ilton Keynes, U.K.), to help prevent post
operative adhesions, and replaced in the abdominal cavity. The incision was
sutured with 5-0 Dexon (Centaur, Castle Cary, Somerset, U.K.). There were
two sets of interrupted sutures, one in the muscle wall and one in the skin.
Aureomycin, a broad spectrum antibiotic powder (Centaur, Castle Cary,
Somerset, U.K.), was applied subdermally, before the skin was sutured. The
animal was given an intramuscular injection of 0.1 ml Clamoxyl LA
(Beechams, Crawley, Sussex, U.K.) which is a semi-synthetic penicillin
providing antibiotic protection for 48 hours. The animals recovered from
anaesthetic within approximately three hours and were returned to their mate
or family groups.

2.2.5 M arm oset oocyte grades
As oocytes m ature, prior to ovulation, the cells which surround the oocyte
(collectively known as the cumulus oophorus) become progressively less
com pacted. Hence it is possible to estimate the m aturity of the aspirated
oocyte by the degree of cumulus expansion.

The following grades were

assigned to the oocytes after assessment of the cumulus : a very expanded
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cum ulus cell layer (Grade I), an extensive cumulus layer which is not fully
expanded (Grade II), 5-6 layers of closely packed cumulus cells (Grade III),
and 2-3 layers of very condensed cumulus cells (Grade IV) (Fig. 2.1).

2 .2 .6 M arm oset sperm preparation
2.2.6 (i) Preparation of sperm collected by electroejaculation
Males marmosets were anaesthetized with Saffan (—2.5 ml/kg body weight;
C entaur, Castle Cary, Somerset, U.K.). An electrical probe of approxim ately
0.9 cm diameter was inserted into the rectum and 5 pulses of 5-10 volts were
applied. Ejaculates were collected in a 5 ml plastic tube (Falcon; M arathon
Laboratory Supplies, London, U.K.) which contained 500
supplem ented with

jjl

\ of a M E M

10 /iM d ib u ty r\i cyclic adenosine m onophosphate

(dbcAMP), 10 fj.K\ caffeine, 6 m g/100ml penicillin, 5 mg/100ml streptom ycin
sulphate and 15% heat inactivated fetal calf serum (ICN Flow, High
W ycom be, Bucks, U.K.) or 15% heat inactivated m arm oset serum.

The

ejaculate w^as incubated at 37 °C in a humidified atmosphere of 5% COg in air
for 2 hours to allow the ejaculate to disperse. The media containing the
ejaculate w^as overlaid with 500 ^1 media supplemented with only 10% serum
to allow motile sperm to swim up into the less dense upper layer. Both layers
of the sperm sample were assessed for m otility and num ber of sperm.
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FIG U R E 2.1 : M arm oset oocytes of different grades, (a) Grade I - extensive,
very expanded cum ulus cell layer, (b) Grade II - extensive b ut less well
expanded cumulus th a n G rade I oocyte, (c) Grade III - a n u m ber of layers of
closely packed cum ulus cells, (d) G rade IV - only a few very densely packed
cum ulus cell 1avers.
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2.2.6 (ii) Preparation of sperm collected by epididymal dissection
Males were anaesthetized with Saffan (—2.5 ml/kg body weight) and
euthanased with 1 ml of 20% w/v Pentobarbitone Sodium (Euthatal; Centaur,
Castle Cary, Somerset, U.K.) injected directly into the heart.

The

epididymides were dissected from the testes and placed in Hepes buffered
a MEM. Using a dissecting microscope, blood vessels and excess fatty tissue
were removed. Four hundred microlitres of a MEM supplemented w ith 10 /xM
dibutyryl cyclic adenosine m onophosphate (dbcAMP), 10 /xM caffeine, 6
m ^ 100ml penicillin, 5 mg/100ml streptom ycin sulphate and 10% heat
inactivated male marmoset serum or fetal calf serum was placed in each well
of a 4-well culture plate (M arathon Laboratory Supplies, London, U.K.). In
the first well, the epididymis was cut into several pieces with scissors, allowing
the sperm to swim out. The epididymis was left in this well for approximately
5 minutes. This process was repeated in the next 3 wells of the plate. In each
well the epididymis was cut up further to recover even more sperm. In this
way, most of the sperm were collected from each epididymis. The sperm were
incubated, in the 4-well plate, at 37 °C in a humidified atmosphere of 5% CO

2

in air.

2 .2 .7 P re-in cu b atio n o f m a rm o se t oocytes a n d m a rm o se t sp e rm
Both oocytes and sperm were incubated separately in a M EM supplem ented
with 10 /LtM dibutyryl cyclic adenosine m onophosphate (dbcAMP), 10

jlxM
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caffeine, 6

100ml penicillin, 5 mg/100ml streptom ycin sulphate and 10%

heat inactivated male m arm oset serum. This is a slight m odification of the
media used by Lopata et al (1988) who used hum an cord serum instead of
m arm oset serum. Oocytes were incubated for 2-5, 9-11 and 21-29 hours
before insemination. Sperm were incubated for at least three hours and up to
7-8 hours before insem ination.

2 .2 .8 In se m in a tio n o f m a rm o se t oocytes
Insem ination was carried out in the wells of a 4-well culture plate. Oocytes
were placed into a well containing 400 jllI of spemt preparation [see 2.2.6 (ii)].
The concentration of sperm was approximately 10-15 x 10^ sperm/ml. The
insemination time ranged from 12-20 hours. Oocytes were removed from the
insem ination media, washed and placed in drops of M EM and 10% heat
inactivated female m arm oset serum and incubated at 37 °C in a humidified
atm osphere of 5% CO in air.
2

2 .2 .9 C u m u lu s cell rem oval a n d asse ssm e n t o f fe rtiliz a tio n
Cumulus cells were easily removed from oocytes after insem ination by
repeated pipetting with a flame polished pulled pasteur p ipette which had an
internal diam eter very slightly larger than the diam eter of the oocyte.
Fertilization was confirm ed by visualisation of a second polar body and two
or more pronuclei.
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2 .2 .1 0 C u ltu re of m a rm o se t IVF em bryos in vitro
Embryos were cultured in drops (approximately 50iA) of M inim um Essential
M edium (MEM; Life Technologies, Paisley, Scotland, U.K.) supplemented
with 6 mg/100ml penicillin, 5 mg/100ml streptomycin sulphate and 10% heat
inactivated female marmoset serum. The drops were overlaid with paraffin oil
(Merck, Lutterworth, Leics, U .K ). Embryos were observed once or sometimes
twice per day using an inverted Olympus OM T-2 microscope fitted with
Nomarski optics (Olympus Optical Co. (U.K.) Ltd., London, U.K.). Embryos
were assessed by noting the number of cells, the relative cell sizes and their
general appearance (eg. granular appearance, particularly dark cells, vacuoles
present, etc.).

Daily observations were made until there was no further

cleavage for at least 48 hours.

2.2.11 C u ltu re of m arm o se t em bryos in vivo
2.2.11 (i) Transfer of marmoset embryos to the oviducts of live mice
Immature (3-4 week old) female Fj (CBA X C57B1) mice were anaesthetized
with 0.7 ml Avertin (Appendix 1). The area of the operation was swabbed with
70% alcohol.

A dorsal incision approximately 1 cm long was made with

scissors. A hole was cut in the muscle wall on either side of the spinal column
and the ovary, oviduct and top 0.5 cm of the uterus were exteriorised and held
in position w ith a small serafine clip. A small tear was m ade in the bursa of
the ovary to allow access to the infundibulum. The embrv^o was loaded into
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a pulled glass pasteur pipette attached, by tubing, to a m outh piece. The end
of the pipette was then introduced into the infundibulum which was held
steady with a pair of fine forceps. The marmoset embryo was expelled into the
mouse oviduct. The organs were replaced inside the abdominal cavity and the
incision in the skin was closed using 3 or 4 Michel clips (The H olbom Surgical
Instrum ent Co. Ltd., Broadstairs, Kent, U.K.). Each m arm oset embryo was
left in the recipient mouse for up to 3 days, when the mouse was killed. T he
oviducts and uterus were dissected and placed in M 2 m edium . A 30 gauge
needle, which had been ground off to remove the sharp point, was threaded
through the infundibulum and the oviduct was flushed w ith approxim ately
0.25 ml of M2 medium. If the m arm oset embryo was not recovered, the
uterus was flushed in the same way. There was no question of confusion of a
m arm oset embryo with a mouse oocyte or parthenogenone due to the large
difference in size (marmoset embryo —120 fim cf. mouse embryo —85 ^m ) and
the thickness of the zona pellucida (Figure 2.2). After inspection of the
em br\'o, it was transferred into another recipient mouse, as described above,
and the process repeated.

2.2.11 (ii) Embryo transfer to recipient female marmosets
2.2.11 (ii)a) Synchronisation of recipient marmosets
Recipient females received 0.5 fig of cloprostenol on D ay 0 (the same day as
the oocyte donors). Females were separated from their male partners on D ay
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FIG U R E 2.2 ; 5-cell m arm oset embryo retrieved after culture in th e oviduct
of a live mouse. A n unfertilized mouse oocyte, flushed from the same oviduct,
is o f smaller size an d has a th in n e r zona pellucida. Bar = 1 0 0 /xm.
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5 and housed singly until at least 7 days after em bryo transfer.

H um an

chorionic gonadotrophin was administered at 11 am on Day 8, and a blood
sample was taken.

A second blood sample was taken on Day 10 and a

progesterone ELISA carried out to confirm ovulation.

2 .2 .I I (ii)b) M arm oset embryo transfer
R ecipient females were anaesthetized w ith Saffan. A mid-line abdom inal
incision was made and the uterus and ovaries were exteriorised. The ovaries
were checked for the presence of corpora lutea. A hole was punctured in the
fundus of the uterus with a 21 gauge (0.8mm x 16 m m) needle (Monoject,
C entaur, Castle Cary, Somerset, U.K.).

The em bryo was loaded, in

approxim ately 2 ^lxI of media, into a pulled glass pasteur pipette attached by
tubing to a m outhpiece to permit controlled suction.

The pipette was

introduced into the uterus of the recipient female through the hole in the
fundus. The embryo was expelled by blowing gently into the mouthpiece.
Organs were replaced and the animal was sutured as described in Section
2.2.4.

2 .2 .1 2 Statistical analyses
Fertilization rates were compared using a x^ test and a student's t test was used
to compare the m ean cell number of embryos.
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1 15 laparotom ies were performed and in 109 cases pre-ovulatory follicles (>
2m m ) were found. Three animals had o\ailated prior to laparotomy, 2 animals
did not have any pre-o\ialatory follicles, and one animal had cystic ovaries with
no pre-o\oilatory follicles. From 109 laparotomies, 2 8 0 pre-ovulatory follicles
were aspirated, an average of 2.6 follicles per animal. T he oocyte recovery rate
was 92 % (2 5 8 /2 8 0 ).

2 .3 .2 M a r m o s e t o o c v te g ra d e s
O f the 258 o o c tte s collected, 19 (7%), 150 (58% ), 70 (27%), 15 (6%), and
one (1%) were G rade I, 11, III, IV, and atretic, respectively. Three o o c tte s
( 1%) were at the germinal vesicle stage although they had been aspirated from
follicles greater th a n 2 mm in diameter. O f the 2 5 8 oocytes collected, 1 17
were used for in vitro fertilization and the rem aining 141 were either not
insem inated or were used for other experim ents described in this thesis.

2 .3 .3 M a r m o s e t s p e r m m o tility a n d s u rv iv a l
2.3.3 (i) Electroejaculated marm oset sperm
Ejaculates were successfully collected from 20/31 (65% ) males. After dispersal
and swim-Lip procedures motility ranged from 10-90%, however m otility was
not always progressive and the num b er of sperm able to swim out of the
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ejaculate was very low. All the spenu in these samples were non-motile within
20 hours of collection and there was no difference in longevity depending on
w hether fetal calf or marmoset serum was used to supplement the media.
Only one sample was used to inseminate oocytes (n= 4) but no fertilization
was obtained.

2.3.3 (ii) M arm oset epididymal sperm
Sperm collected by epididymal dissection survived well in culture and
exliibited fast, forward progressive motility. Large numbers of sperm (—25 x
107ml) were obtainable by this method. Sperm remained highly motile for up
to 48 hours when incubated in media containing marmoset serum. However,
when fetal calf serum was used to supplem ent the media sperm survival time
decreased sometimes to only 6 hours and in all cases all sperm were completely
non-m otile after 20 hours. Because oocytes were inseminated for up to 16
hours, it is possible th at the non-motile sperm, which were probably dead,
could have been producing toxic products from cellular breakdown which may
have affected embryo viability. For this reason, m arm oset serum was used to
supplem ent sperm incubation (and insem ination) media.

2 .3 .4 T h e tim in g o f m arm o set p ro n u cle ar fo rm a tio n
A small num ber of oocytes (n= 6) were only incubated with sperm for three
hours so th a t the timing of pronuclear form ation could be assessed. Three
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hours after insemination, the second polar body had been extruded, but
pronuclei were not yet visible.

Marmoset pronuclei were first discernible,

under phase contrast microscopy, six hours post-insemination. In all embryos
observed, both pronuclei became visible at the same time, were positioned very
close to each other near the centre of the embryo and were approxim ately the
same size.

It was not possible to visibly distinguish betw een marmoset

maternal and paternal pronuclei. Marmoset pronuclei remained visible for 1822 hours after insemination.

2 .3 .5 Fertilization rate o f m arm oset oocytes
Fertilization was determined by the extrusion of a second polar body and the
form ation of two or more pronuclei.

The overall fertilization rate for all

oocytes was 76% (89/117). Two were polyspermie fertilization as detennined
by the presence of three pronuclei.

Fertilization rate was dependent on both oocyte grade and d u ration of pre
incubation. Fertilization rates were significantly higher for Grade II oocytes
(95%) compared to 79% (p< 0.05), 47% (p<0.001) and 55% (p < 0 .0 0 1 ) for
grades I, III, and IV, respectively (Table 2.1). Oocytes preincubated for 2-5
hours had an overall fertilization rate of 53% (10/19), which was not
significantly increased when oocytes were pre-incubated for 9-11 hours (69%).
Overall fertilization rate was significantly higher when ooc}tes were incubated
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for 21-29 hours (92% )(p<0.05). W ithin each oocyte grade, the recurring
tren d was towards an increase in fertilization rate w ith increased pre
incubation time, as reflected by the overall fertilization rates w ithin each pre
incubation time. It was interesting to note, however, th at the less m ature the
oocyte at collection, the longer the pre-incubation tim e required before
significant increases in fertilization rate were observed. The effect on Grade
I oocytes of increasing pre-incubation time from 2-5 to 9-11 hrs was to
increase fertilization rate from 40% to 100%. The rate of fertilization of
Grade II oocytes also increased from 78% to 100% (p<0.05) when incubation
tim e was increased from 2-5 to 9-11 hours and rem ained high (95%) w hen
oocytes were pre-incubated for 21-29 hours. The fertilization rate of Grade III
oocytes significantly increased when incubation time was increased from 9-11
hours (13%) to 21-29 hours (100%; p< 0.001). There was no significant
increase in the fertilization rate of Grade IV oocytes, due to the small num bers
in each group, however there was a trend of increasing fertilization rate w ith
increasing pre-incubation time from 0% (2-5 hours) to 30% (9-11 hours) and
further to 71% when duration of pre-incubation was increased to 21-29 hours.

2 .3 .6 D evelopm ent o f m arm oset IVF embryos in vitro
O f the 87 norm ally fertilized embryos, 66 were cultured in vitro.

Sixty

embryos (91%) developed to the two-cell stage. One embryo was lost a t the
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two-cell stage an d 53 (82% ) o f th e rem aining 65 e m b ry o s d e v elo p e d to four
cells. Cleavage to eight cells was achieved by 31 (48% ) o f th e embry os, an d
seven (11% ) o f these reached 16 cells. O n ly one e m b ry o d iv id ed to 32 cells.
T h e overall m ean m ax im u m cell n u m b e r ( ± SE M ) was 7.7 ± 0.7. T h e r e was
n o significant difference b e tw e e n the m a x im u m cell n u m b e rs a chieved by
e m bryos resulting from oocytes o f different grades (T able 2.2).

Increasing th e length of oocyte pre-incubation h ad a significant effect o n m ean
m axim u m cell n u m b e r (Table 2.2). Embryos resulting from oocytes w h ic h had
b e en pre-incubated for 2-5 h o u rs reached a m ax im u m o f o nly 6 cells, w ith a
m ean m axim um cell n u m b e r o f 2.8 ± 0.6, and 40% (4/10) o f embr\^os in this
g ro u p failed to cleave at all. H o w e \e r, wTen oocy^tes were p re -in c u b a te d for
9-11 hours, th e m e an m a x im u m cell n u m b e r was increased to 9 .6 ± 2.3
( p < 0 .0 0 1 ) w ith only tw o of 12 em biyos (17% ) failing to cleave a n d th e
m ax im um developm ent in this g ro up was to 32 cells. Em bryos re s u ltin g from
oocytes pre-incubated for 2 1-29 h ours also developed significantly b e tte r th a n
those in the 2-5 h o u r group (p < 0.001). All o f these em bryos cleaved at least
once, developed to a m e a n m a x im u m cell n u m b e r o f 8.3 ± 0 .6 , a n d four
em bryos (10% ) reached sixteen cells.
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I ABLE 2 . 1 ; Fcrtili/ation rates ol (irade 1, II. Ill, and IV marmoset oocytes pre-incubated for 2-5, 9-1 I or 21-29 hours after
collection.

D u ratio n of Preincuhation (hours)
2-5

9-1 1

21-29

fotal

I

2/5 (4())-'

2/2 (100)

1 I / I 2 (92)'’

15/19 (79)"

II

7/2 (7H)

2N/2H (1 0 0 )'

19/20 (95)

54/57 (95)i

III

l/'l (25)''

2/15 (13)^^

1 l/I 1 (1 0 0 )'

14/30 (4 7 )'

IV

<11 (0)

1/3 (30)

5/7 (71)

6/1 1 (5 5 )'

10/12 (5 3 )'

3 3/48 (69)^

4 6/50 (92)K

8 9/11 7 (76)

()oc')ne
(Irade

Total

I): significantly higher th a n a (p<().()5)
c; significantly higher th a n d (p<t).()01 )
e: significantly higher th a n d (p<().()01 )
g: significant ly higher th a n f (p<().()5)
j: significantly higher th a n k (p<().()()l )
h: significant ly diflerent from j and k (;)<().05)

oo

1

TABLE 2.2 : Mean maximum cell number achieved by in vitro fertilized marmoset
embryos resulting from Grade I, II, III, and I\^ oocytes incubated for 2-5, 9-1 1 or
21-29 hours before fertilization. W here only one or two embryos were included
in a group, the cell num ber of each embryo is recorded and separated by a comma
where necessary.

D uration of Preincubation (hours)
Oocyte

2-5

9-11

21-29

Total

4,6

4,5

7.5±1.4

6.6± 1.0

n=2

n= 2

n= 8

n=I2

I3 .7 ± 3 .4

9.3±I.O

8.8± 1.2

n= 7

n=7

n= 18

n=32

1

1,8

7.6± 1.1

6.6± 1.1

n= 1

n=2

n= 10

n = 13

1

6.5± 1.7

5 .4 ± 1 .7

n=I

n=4

n=5

2.8±0.6=

9.6± 2.5"

8.3± 0.6‘^

7 .7± 0.7

n = 10

n= 12

n=40

n=62

Grade
I

II

III

IV

Total

2.3 ± 0 .6

-

b : significantly higher than a (p< 0.001)
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2 .3 .7 Cleavage rates o f m arm oset embryos fertilized in vitro
M armoset embryos which have been fertilized and have developed in vivo reach
the 4-cell stage on Day 2 after ovulation (Harlow 1984). Embryos which were
fertilized and cultured in vitro and had not reached the 4-cell stage by Day 2 after
insem ination were considered delayed in their developm ent.

Increasing the

oocyte pre-incubation time from 2-5 to 9-11 hours not only had a beneficial effect
on m ean maximum cell num ber it also decreased the num ber of embryos which
were delayed in cleavage.

However, increasing the pre-incubation time still

further, to 21-29 hours, increased the percentage of delayed cleavage embryos.
All embryos resulting from oocytes pre-incnbated for 2-5 hours, and 23 (58%) of
the embryos resulting from oocytes pre-incubated for 21-29 hours were delayed.
Only two (17%) embryos in the 9-11 hour group were delayed in their cleavage
time. Delayed embryos only reached a mean maximum cell num ber of 5.2 ± 0.6
which was significantly lower than that of normally cleaving embryos (10.8 ± 1 . 1 ;
p <0.001). The effects of duration of oocyte preincubation on rate of cleavage
were independent of the m aturity of the oocyte at fertilization (i.e. oocyte grade).
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2 .3 .8 D evelopm ent o f m arm oset embryos in vivo
2.3.8 (i) Development of marmoset embiy^os cultured in live mouse oviducts
A total of 17 embryos were cultured in this system.

Six embryos were not

recovered from mice, a recovery rate per embryo of 65%. However, of the 39
transfers th at were carried out, embryos were recovered on all but six occasions,
a recovery rate per transfer of 85%. As described previously, the oviducts and
uteri of recipient mice were flushed separately and m arm oset embryos were
recovered were found in the oviduct in 90% of cases and in the uterus in 10% of
cases.

The in vitro fertilized marmoset embryos which were recovered in cleavage stages
developed to a mean maximum cell number (± SEM) of 15 (± 4.35), which was
significantly higher than the mean maximum of 7.7 (± 0.7) cells achiev^ed by
embryos which vv^ere cultured in MEM and MS (p< 0.003).

Of the embiyos

recovered, 82% (9/11) developed to the 4-cell stage, 73% (8/11) developed to the
eight cell stage, five (45%) reached 16 cells and four (36%) divided to 32 cells.
One embiyo developed to blastocyst after being cultured in vitro from the 40-50
cell stage (estimated num ber of cells)(Fig 2.3).

None of the embryos which

reached four cells were delayed in their development, and the embryo which
developed to blastocyst reached this stage on Day 10.
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FIGURE 2.3 : In vitro fertilized marmoset blastocyst retrieved after culture in the
oviducts of live mice. Bar = 25 /xm.
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2.3.8 (ii) Development of m annoset embryos transferred to recipient m arm osets
Four embryos were transferred to synchronised recipients at the four cell stage
(Day 3 after fertilization). Three (75%) of these embiyos developed to term .

2.4 DISCUSSIO N
The regime of oocyte collection and IVF described in this chapter was highly
successful, demonstrating excellent oocyte recovery rates (92%) and high rates of
fertilization (76%). In viti'O fertilization has been carried out in a num ber of
prim ate species with fertilization rates ranging from 39% in the baboon (Fourie
et al 1987) to 90% in the squirrel monkey {Saimiri sciurcus-, Chan et al 1982). By
optimizing the protocol for oocyte donor s\mchronisation and duration of o o o t e
in vitro m aturation, fertilization rates were raised from 53% (Lopata et al 1988)

to 76% (p<0.005; this study).

The procedures described in this chapter to synchronise females, and to collect
m am ioset oocytes and sperm, were a modification of those used by Lopata et al
(1988) who described three regimes to s}mchronize females for oocyte collection.
The regimes varied in the time between cloprostenol adm inistration and hC G
adm inistration, and the time between laparotom y (oocyte collection) and
insem ination. Lopata et al (1988) found th at if the time between cloprostenol
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and hCG adm inistration was 192 hours, 45% of animals had ovulated prior to
laparotom y, however if this time was shortened to 176 hours, only 14% of
animals had ovulated at laparotomy.

By decreasing the time between

cloprostenol and hCG still further, to 168 hours, no anim als had ovulated at
laparotomy, but the polyspermy rate at fertilization was 33% (Lopata et al 1988).
To minimise both ovulation prior to laparotomy and polysperm y in this study,
hCG was adm inistered 172 hours after cloprostenol. This regime m eant th at
only three of 115 animals had ovulated at laparotomy, and the polyspermy rate
was kept to a m inim um (2%).

Clearly, the tim e betw een cloprostenol

adm inistration and hCG injection is critical.

Although increasing the time

between cloprostenol adm inistration and hCG yielded larger follicles and more
m ature oocytes, pre-ovulatory follicles were difficult to aspirate as the contents
became very glutinous. This may be a physiological m echanism which helps the
oocyte/cumulus complex adhere slightly to the ovary, so th a t it is not lost before
"pick-up" by the fimbria (Dukelow and Vengesa 1986). Kuehl and Dukelow
(1979) also described viscous follicular contents in pre-ovulatory squirrel monkey
follicles and Lopata et al (1988) obtained lower oocyte recovery rates when
aspirating the follicles of marmosets which had been treated w ith hCG 192 hours
after cloprostenol adm inistration.

This may have been due to difficulty in

aspiration.
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Only small numbers of oocytes were available from each anim al, so it would be
useful to find ways to stim ulate the marmoset ovary to produce more oocytes.
The adm inistration of pregnant mare serum gonadotrophin (PMSG) or
clom iphene citrate followed by hCG stimulates the production of oocytes in
primate species such as the c^momolgus macaque (Macaca fascicularis; Fujisaki et
al 1989, Balmaceda et al 1984, 1988); the chacma baboon (Papio ursinus; Fourie
et al 1987) and the hum an (Lopata et al 1978, Edwards et al 1980). Up to 25
oocytes per animal have been collected from the rhesus macaque (Macaca mulatta;
Lanzendorf et al 1990) and up to 28 oocytes per animal from the pig-tailed
m acaque (Macaca ncnicstnna-, Cranfield et al 1989) after stim ulation with these
exogenous gonadotrophins. However, hum an menopausal gonadotrophin (hMG)
and hCG adm inistration has no effect on ovulation rate in m arm osets (Harlow
1984). It has been shown that the squirrel monkey develops refractoriness to
PM SG and therefore becomes resistant to this regime of supero\oilation, so a
combination of follicle stimulating hormone (FSH) and hCG have been used with
successful results, and this regime can be repeated at least 16 tim es w ithout the
developm ent of refractoriness (Dukelow and Vengesa 1986).

Harlow (1984)

dem onstrated th at marmosets do not develop antibodies to hC G and this was
supported by the repeated successful use of hCG in this study. Selection of an
appropriate hormone to stimulate follicular development, for instance FSH, and
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optim ization of its adm inistration tim e and dose, may result in a reliable
supero\Tilation protocol for marmoset monkeys.

M arm oset epididymal sperm retained m otility for up to 48 hours in media
supplem ented with marmoset serum b u t for only 20 hours in media
supplem ented with fetal calf serum. The reasons for the difference in survival are
not clear but may be due to the presence of particular proteins or growth factors
in m arm oset serum which are not found in other species, or variations in the
stru ctu re of these factors which make them compatible w ith m arm oset sperm.
Alternatively, there may be toxic factors present in the serum of other species to
which m arm oset sperm are particularly sensitive, and which compromises their
survival. Moore (1981) found that marmoset epididymal sperm survive for only
16 hours in media supplemented with hum an serum albumin, and survival rates
of electroejaculated marmoset sperm in m edia supplemented with bovine serum
album in were also poor (Harlow 1984).

Epididym al sperm were used in all but one insemination.
fertilization of four oocytes using electroejaculated sperm.

There was no
This lack of

fertilizability was reflected by the poor m otility and longevity of electroejaculated
sperm.

W e had difficulty in separating sperm from seminal fluid, which
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through percoll gradients (unpublished data). Marmoset sperm seem to be
particularly susceptible to damage during centrifugation, affecting \dability and
m otility (Harlow 1984, Lopata et al 1988). Lopata et al (1988) found th a t
m arm oset sperm prepared by the swim-up method survived longer and had
better m otility rates than centrifuged sperm, but these authors do not report
w hether there was a difference in fertilization rate depending on w hether
electroejaculated or epididymal sperm was used for insemination. Zona-free
ham ster oocyte penetration tests assess the fertilizing capacity of m am m alian
spermatozoa in vitro (Yanagimachi et al 1976). Harlow (1984) reported that
electroejaculated marmoset sperm, which were centrifuged repeatedly during
preparation, only penetrated zona-free ham ster ooc\rtes on one of 18 (5%)
occasions, but epididymal sperm penetrated up to 79% of ham ster oocytes
(Moore 1981). This would support the contention that m armoset sperm arc
less capable of in vitro fertilization after electroejaculation and centrifugation
than epididymal preparation. There is no evidence th at electroejaculation per
se has a damaging effect on sperm. But it is possible th at the sequence of

events which sperm are exposed to in the course of normal ejaculation might
be altered during electroejaculation.

For example, sperm may mix w ith

accessory gland secretions either in the wTong order or under the wrong
physiological conditions due to inappropriate electrostimulation which m ay
comprom ise their fertilizing capacity (pers. comm. W .V .H olt). It has been
shown th a t centrifugation of hum an sperm can result in the release of high
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levels of reactive oxygen species which damage sperm membranes and decrease
levels of fertilization (M ortim er 1991).

During centrifugation, marmoset

sperm may also produce high levels of superoxide and hydroxyl radicals, which
damage the sperm and impair their fertilizing capacity.

M arm oset embryos extrude the second polar body two to three hours after
insem ination, and form pronuclei about six hours after insem ination. The
tim ing of these events is very similar to th a t of hum an in vitro fertilized
embryos (Lopata et al 1978), however early hum an pronuclei develop near the
oolemma and migrate to the centre of the oocyte (Balakier 1992). 1 observed
that when marmoset pronuclei first became visible they were not situated close
to the oolemma, but were nearer to the centre of the oocyte. There is very
little information about the pronuclear development of non-hum an primate
species, but this observation indicates th at the processes of pronuclear
formation, swelling and migration may vary between primates. It would be
im portant to find out w hether these differences are reflected in the processes
of DNA synthesis and replication in one-cell primate embryos.

Little has been published about the rate of cleavage of m arm oset embryos in
vitro, however Harlow (1984) presented quite extensive findings on the

developm ent of in vivo fertilized and cultured m arm oset embryos which had
been collected from the reproductive tract of marmosets at known time periods
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after ovulation. W hilst care m ust be taken in directly correlating the rate of
ill vivo development with th at of in vitro development, this inform ation does

provide some estimate of cleavage rates and some comparison can be made
regarding the suitability of the in vitro culture system employed.

Harlow

(1984) found that marmoset embryos which had been fertilized and cultured
in vivo cleaved once every 24 hours on average, to reach the four-cell stage on

dav 2 after ovulation, then underwent only one cleavage division to eight cells
over the next 48 hours.

Summers et al (1988) reported th a t m arm oset

blastocysts contain a mean of 120 cells. This equates to one cleavage division
per 24 hours from the eight-cell stage on Day 4 to the blastocyst stage on Day
8. However, when fertilized and cultured in vitro, the rate of cleavage slowed
do\vn and marmoset embiyos only reached the eight cell stage by Day 5, the
9-16 cell stage by Day 6.5, and the 16-32 cell stage by D ay 8 after
fertilization. Moreover, only one embryo in this system reached 32 cells.
Undoubtedly, the culture system used did not provide the adequate nutrients
or factors required for maximum pre-implantation development at normal rates
of cleavage. However, in vitro fertilized marmoset embryos cultured in in vivo
mouse oviducts developed to the blastocyst stage which suggests th a t the in
vitro culture system used in these studies compromised viability. It is clear

th at a reliable and effective culture medium needs to be developed for this
species.
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Interspecific oviductal or uterine transfer of embryos has been used as an
alternative to in vitro culture for many species, including mice (Briones and
B eatty 1954, Beyer and Zeilmaker 1973), rats (Briones and Beatty 1954,
Beyer and Zeilmaker 1973), rabbits (Briones and Beatty 1954, Brinster and
Thom son TenBroeck 1969), sheep (Lawson et al 1972), and cattle (Sirard et
al 1985).

In most cases embryos were transferred to pseudopregnant or

synchronised mature recipient females, however, in some cases, the relative
developm ent of embryos transferred to imm ature recipients was studied (Beyer
and Z eilm aker 1973, Papaioannou and Ebert 1986). Beyer and Zeilmaker
( 1973) found th at 70% (17/24) of mouse embryos and 44% (47/106) of rat
embryos transferred to oviducts of prepuberal mice developed to morulae.
Seventy percent (17/24) of mouse zygotes transferred to the oviducts of
prepuberal rats also developed to morulae (Beyer and Zeilmaker 1973). These
workers concluded that it was not necessary for the oviduct to be synchronised
to achieve development to the morula stage. M ore mouse embryos which were
transferred to pseudopregnant recipient mice developed to blastocyst, than
mouse embiyos which had been transferred to im m ature mice (84% cf. 69%;
P apaioannou and Ebert 1986). However, the num ber of embryos reaching
morula was not significantly different w hether the recipient was imm ature or
pseudopregnant. Although this shows that embryonic development is slightly
slower in unsynchronised recipients, overall, transferred embryos developed
b etter th a n those embryos cultured in vitro (96% cf. 76% to morula;
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Papaioannou and Ebert 1986). Papaioannou and Ebert (1986) also showed
th a t a m uch higher rate of normal fetal development was achieved, after
transfer to synchronised recipients, from embryos which had been cultured in
mouse oviducts in vivo than from those embryos which had been cultured in
vitro. I have also shown that marmoset embryos develop further in mouse

oviducts in vivo than in in vitro culture, but have yet to confirm whether culture
conditions at pre-implantation stages affect the post-implantation development
of m arm oset embryos.

It is difficult to address the reasons why culture of embrvns in the oviducts of
im m ature females of another species should be superior to in vitro culture,
w ithout h a\in g carried out detailed analysis of the culture media and made
comparisons to the oviductal fluid and epithelial components. However, it is
possible to make some general assumptions. Firstly, technical/environmental
factors m ust be taken into consideration. Presumably there is little fluctuation
in tem perature and pH in an in vivo system, eliminating some of the
environmental variability to which embiy^os may be subjected in in vitro culture
conditions. Secondly, and probably more im portantly, the oviduct, even in
immature females, may produce growth factors such as platelet-derived growth
factor (PDGF) or acthdn (Gandolfi et al 1992), which the embryos require but
which are n ot supplied by culture medium. It is also possible th at the physical
relationship between the embryo and the oviduct means that the embryo is
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constantly being moved or rolled around and this m ovem ent may have a
beneficial effect, possibly affecting the way in which nutrients are absorbed,
rather th an relying on passive diffusion which may be the case in in vitro
conditions.

There are a num ber of ways in which the culture of m arm oset embryos in the
oviducts of live mice could be improved or modified.

O ne of the main

problems w ith the procedure is the risk of loss of the embryo. This could be
avoided by tying off one or both ends of the oviduct w ith a suture after
embryo transfer (Brinster and Thom son TenBroeck 1969). It would also be
beneficial to determ ine w hether there is a critical stage at which the embryo
would benefit from in vivo culture. If this could be ascertained then it may
alleviate the need for successive embryo transfers throughout the pre
im plantation period.

M aximum fertilization and developmental rates were obtained from oocytes
which had been cultured for 9-11 hours after collection (29-35 hours posthCG injection).

Chan et al (1982) observed th at the highest rate of

m aturation of squirrel monkey oocytes occurred 35 hours post-hC G injection
and carried out insemination at this time. These workers obtained fertilization '
rates of 90% b ut with limited development post-fertilization. Pre-incubation
of m arm oset oocytes for 21-29 hours before fertilization decreased the
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developmental potential and increased the num ber of delayed cleavage
embryos. This may be due to aging of the oocyte beyond optim um maturity.
W ebb et al (1986) reported that when mouse oocytes were aged in vitro, the
meiotic spindle moved from the periphery to the centre of the oocyte and then
degenerated causing a disruption in the organisation of the chromosomes. It
has been suggested th at this disruption could cause aneuploidy (W ebb et al
1986), which may explain the delay and/or developmental arrest of marmoset
embryos fertilized after 21-29 hours pre-incubation. It is also possible that,
although the nuclear m aturation of the oocyte increased w ith longer pre
incubation time (reflected by increased fertilization rate), the cytoplasm may
have progressed past optim um maturity and this may be the cause of lower cell
number and longer cleavage times in these embryos.
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CHAPTER THREE

MANIPULATION A N D FUSION OF
ONE-CELL MOUSE AND MARMOSET EMBRYOS
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3.1 INTRO DUCTIO N

T he fusion of cell membranes is im portant in normal physiological systems
such as sperm and oocyte fusion (Moore and Bedford 1978), and can be used
to m anipulate systems for scientific investigation. Plant protoplasts can be
fused to create somatic hybrid plants (Senda et al 1979), possibly with
superior growth or production characteristics.

B lymphocytes can be

im m ortalised by fusion to myeloma cells for the production of monoclonal
antibodies (Kohler and M ilstein 1975).

Blastomeres from 16-cell sheep

embrv^os can be fused to enucleated oocytes in nuclear transplant experiments
(W illadsen 1986). It is also possible to fuse a m em brane-bound vesicle to a
one-cell embryo (McGrath and Solter 1984) and it is the investigation of this
technique which will be discussed in this chapter.

In order to create embryos containing only paternal chromosomes, it is
necessary to manipulate the embryo at th e one-cell stage and carry out
pronuclear transfer. This involves removing the m aternal pronucleus from an
embryo and replacing it with a second paternal pronucleus from another
embryo. The technique used for the removal of a pronucleus from an embryo
requires th at the pronucleus is contained w ithin a small piece of oolemma.
This m em brane bound structure containing the pronucleus is term ed a
karyoplast. W hen the karyoplast is introduced beneath the zona pellucida of
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the recipient embryo, it remains a separate structure unless some sort of fusion
stim ulus is provided. This fusion of the one-cell embryo (now containing only
a paternal pro nucleus) and the karyoplast is required to ensure th at both
pronuclei are enclosed within the same plasma membrane.

T he three stimuli most commonly used for the fusion of cell membranes are
Sendai virus, polyethylene glycol (PEG), and electrofusion. Because of the
small numbers of marmoset embryos which were available for this study it was
necessaiy: to find the most reliable and effective method of fusion which would
have the least effect on subsequent m arm oset embr\^o viability.

Sendai \drus is a paramyxovirus which causes murine pneumonitis and can fuse
cells which have \iral receptors on their surface (Okada 1993). This includes
m ost mammalian cells and membranes. Inactivated Sendai virus is commonly
used to fuse karyoplasts and embryos in pronuclear transfer experiments in
mice (M cG rath and Solter 1983, Surani et al 1984). However, its ability to
fuse membranes in other species is questionable, for instance poor results have
been achieved using Sendai virus in cattle embryos (Robl et al 1987). Sendai
virus has a num ber of disadvantages as a fusion system. These are th at the
production of the virus can be difficult and time-consuming, the virus batches
are often variable in their fusogenic activity, and the virus itself does not fuse
some t}"pes of cells (Pontecorvo 1975). The supply of marmoset embryos is
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limited and so it is imperative to use a fusion technique which is efficient and
applicable to this species. For these reasons I have not investigated the use of
Sendai virus in these studies, but have concentrated on th e more defined use
of either PEG or electrofusion as a fusogenic system.

PEG is commonly used for the fusion of B lymphocytes w ith myeloma cells
and for the establishm ent of immortal cell lines for m onoclonal antibody
production (Kohler and Milstein 1975). The procedures which employ PEG
as a fusogenic agent usually involve millions of cells and rates of fusion of up
to 50% are acceptable. However, when used for the fusion of karyoplasts to
one-cell embryos where numbers are very m uch smaller, fusion rates of over
80-90% are both desirable and necessary.

The most efficient method of cell fusion currently in use is electrofusion. An
electric current is used to disrupt the lipid bilayers of th e cell membranes
which then form bridges and fuse together. W hen electrofusion is used for
large num bers of cells, the electrofusion protocol generally requires th at the
cells are subjected to a short series of AC pulses to align the cells in pearl
chains, before exposure to the DC (fusion) pulses. This study does not require
exposure to AC pulses as the cells are already in co ntact because of the
constraints of the zona pellucida. The cells are subjected to a series of DC
pulses which leads to a charge separation in the m em brane. A ttraction of
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opposite electrical charges exerts pressure across the m em brane leading to its
thinning.

W hen the potential difference across the m em brane reaches a

critical point, pore form ation occurs. Provided the strength of the pulses is not
too high, after removal of the electric field the pores will close and the
m em brane will return to normal.

If two cells are in contact during the

form ation of pores, it is highly likely that the pores from each cell membrane
will heal together, leading to fusion. Cytoplasmic bridges will occur where
pores have fused together, and one spherical cell will result (Electro Cell
M anipulator ECM 200 O peration Manual, 1992).

Electrofusion has been used for various cell fusion and activation systems
including the production of monoclonal antibodies, nuclear transfer and
oocyte activation in cloning experiments, and for the electroporation of
membranes for DNA insertion and transgenesis. Its main advantage is that the
num ber and size of the electrical pulses applied to the membranes can be
adjusted to suit the cell type and the species. Electrofusion is highly efficient
(80%) between blastomeres in sheep (Willadsen 1986), and cattle (Robl et al
1987), and can be as high as 97% between karyoplasts and one-cell embryos
in mice (Kono and T sunoda 1988).

In the initial studies using PEG, described in this thesis, both zona pellucidafree and zona pellucida-intact 2-cell mouse embryos were used as a model to
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determ ine whether the presence of the zona pellucida had any effect on cell
fusion or embryo viability after fusion.

Subsequent experiments involved

puncturing a hole in the zona pellucida to simulate the status of the embryo
after m icromanipulation.

The aim of this series of experiments was to

determ ine the concentration of PEG and the exposure time which would
provide optim um fusion of the two blastomeres w ithin the embryo, without
comprom ising embryo viability. These parameters could then be applied to
one-cell embryos, after micromanipulation, to fuse the karyoplast to the
embryo.

The feasibility of using electrofusion as a fusogenic agent was tested using
mouse and m annoset embryos that had undergone sham pronuclear transfer.
These experiments involved restoring embiy^os to normal status (i.e. one
m aternal and one paternal pronucleus).

After m anipulation the one-cell

em bryo and karyoplast were subjected to an electrical fusion stimulus. The
rates of fusion, and the development of fused embryos were m onitored. The
aim was to determine the effect of the manipulation and fusion process on the
viability of both mouse and m arm oset embryos with both parental genomes
before creating uniparental embr\^os.
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3.2 M ATERIALS AN D M ETH O D S
3.2.1 H o u sin g of m ice
Three to five week old C57/B1 x CBA F, mice were housed in 14 hour light: 10
hour dark conditions and fed ad libitum on RM 1 (W .M . Lillico and Son,
W onham Mill Ltd., Betchworth, Surrey, U.K.) and had constant access to
water.

3 .2.2 S u p e ro v u latio n of m ice
Three to four week old female C57/B1 x CBA F, mice were superovulated with
an intraperitoneal injection of 5 iu pregnant mare serum gonadotrophin
(PM SG; Folligon, Centaur, Castle Cary,

Somerset, U.K.) followed by an

intraperitoneal injection of 5 iu hum an chorionic gonadotrophin (hCG;
Chorulon, Centaur, Castle Cary, U.K.) 48 hours later.

3 .2 .3 M a tin g o f m ice
Female mice which had undergone the superovulation treatm ent were housed
overnight w ith C57/B1 x CBA Fj males, and m ating was confirmed by the
presence of a vaginal plug the following m orning (Day 1). Fertilization was
assumed to have taken place in the middle of the dark period.
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3 .2 .4 M o u se em bryo recovery
Female Fj mice were killed by cervical dislocation at 9 am on the day after
observing the cervical plug (Day 2).

The abdom en was opened and the

o\iducts were dissected from the uterus and ovarian bursa. The oviducts were
then placed in a petri dish containing approximately 2 ml of M edium M2
(Q uinn et al 1982; Appendix II). Embryos were flushed from the oviducts
using a blu n t ended 30 gauge needle attached to a 1 ml syringe. The syringe
was filled w ith M2 and the needle was inserted into the infundibulum of the
oviduct.

Approximately 0.1 ml of M2 m edium was flushed through the

oviduct expelling the embryos into the dish of M2.

3 .2 .5 R em oval of th e zona pellucida from m o u se em bryos
Two-cell m ouse embr\'OS were transferred in groups of 3-4 to a petri dish
containing approximately 2 ml of acid tyrodes (Hogan et al 1986 : Appendix
111). Embryos were briefly incubated in acid tyrodes until the zona pellucida
had com pletely disappeared. The embryos were transferred back into M2
m edium and thoroughly washed.

3 .2 .6 P u n c tu re o f th e zo n a p ellucida of m o u se em bryos
Approximatelv 5 /xl of M2 medium was placed in the centre of the cavity of a
glass cavity slide, which had previously been coated in silicon, and was covered
w ith light paraffin oil to prevent evaporation. Ten to twenty 2-cell embryos
110

were placed in the M2 m edium and the whole slide was transferred to an
inverted Olympus OM T-2 microscope fitted with Nomarski optics and
micro manipulators. A hole was punctured in the zona pellucida of the 2-cell
embryos with a pulled glass enucleation pipette of approxim ately 20 ^tm
diam eter.

Care was taken to hold each embryo w ith its cleavage furrow

parallel to the enucleation pipette to minimise lysis during m anipulation (Fig
3.1).

3 .2 .7 P re p a ra tio n o f P olyethylene Glycol
Polyethylene glycol 1000 (Sigma Chemical Co. Ltd., Poole, Dorset, U.K.) was
mixed w ith M edium M2 at various weight/volume concentrations in 10 ml
plastic tubes. It was necessary to heat the mixture of PEG and M 2 to dissolve
the PEG. This was achieved by surrounding the falcon tubes with warm water
(approximately 40-50 °C). Once in solution, the pH was adjusted w ith IM
N aO H to 7.2.

3.2 .8 E xposure o f tw o-cell m ouse em bryos to p o ly eth y len e glycol
Two-cell mouse embryos were exposed to various concentrations of PEG:M2
for times ranging from 10 to 300 seconds to determine the m ost appropriate
concentration and exposure to fuse the blastomeres without lysis. The highest
concentration of PEG was 50:50 w/v PEG:M2 medium. After exposure to the
initial concentration of PEG, the embryos were passed sequentiallv through
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HOLDING PIPETTE
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FIGURE 3.1 : D iagram showing the orientation of 2-cell
mouse embryos during zona pellucida puncture. In this case,
the enucleation pipette was only used to puncture the zona
pellucida.

concentrations of 40%, 30%, 20%, and 10% w/v PEG to minimise detrimental
effects of rapid changes in osmolarity. After treatm ent the embryos were
washed thoroughly in M2 and cultured in drops of M l 6 (approx 50 lA) under
paraffin oil in a humidified atm osphere of 5% CO in air, at 37 °C.
2

3 .2 .9 P re p a ra tio n of P h y to h e m a g g lu tin in
Phytohemagglutinin (PHA; Sigma Chemical Co. Ltd., Poole Dorset, U.K.) was
prepared as a 5 mg/ml solution in PBS. This was stored frozen at 20 °C in 40
/xl aliquots. The stock solution of phytohem agglutinin was diluted with M 2
to a working concentration of 400 /xg^ml.

Embryos were exposed to this

concentration of phytohemagglutinin for 30 seconds before exposure to PEG.

3 .2 .1 0 M ic ro m a n ip u la tio n of m ouse em bryos
A 10 /xl drop of M2 medium supplem ented with 5 /xg/ml cytochalasin D
(Sigma Chemical Co. Ltd., Poole, D orset, U.K.) and 0.1 /xg/ml colcemid
(Sigma Chemical Co. Ltd., Poole, Dorset, U K ) was placed in the well of a
siliconised cavity slide and covered w ith a layer of paraffin oil to prevent
evaporation. One-cell mouse embryos were transferred to the m edium on the
slide which was placed on the heated stage of an Olympus IMT-2 inverted
microscope (Olympus Optical Co. (U.K.) Ltd., London, U.K.) fitted w ith
micromanipulators (Zeiss and Leitz), and Nom arski optics (Olympus Optical
Co. (U.K.) Ltd., London, U.K.) which allow pronuclei to be viewed clearly.
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M icromanipulation pipettes were prepared from 1.0 or 1.5 mm diam eter glass
capillary tubes (Clark Electromedical Instrum ents Ltd., Pangbourne, Reading,
UK). Glass capillaries were pulled using a Kopf vertical pipette puller (Model
720, David Kopf Instrum ents, Tujunga, California, USA).

Pipettes were

broken at the appropriate diameter, heat-softened and bent to a 30° angle to
the horizontal using a De Fonbrune microforge (Vacuum Instrum ents and
Products Ltd., Middlesex, UK). Enucleation pipettes were bevelled to make
a pointed end on the pipette using a grinder (Research Instrum ents Ltd.,
Cornwall, UK). Final diameters of the two pipettes were as follows:
Internal diam eter

External diam eter

Holding pipette:

17 /xm

85 jim

Enucleation pipette :

15 /xm

19 /xm

The embryos were placed in the micromanipulation drop and m anipulated one
at a tim e before being washed thoroughly and returned to culture media.
M anipulation involved holding the embiy^o stationary by gentle suction
through the holding pipette and raising it slightly from the bottom of the glass
slide. T he enucleation pipette was used to puncture the zona pellucida, b u t
not the oolemma. One pronucleus was gently aspirated into the enucleation
pipette w ithout rupturing the oolemma.

The enucleation pipette, still
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containing the pronucleus surrounded by the oolemma, was removed from the
embr\'o (Fig. 3.2). W hen the pipette was withdrawn, the oolemma pinched
off, leaving the karyoplast within the enucleation pipette and separate from
the embryo. In these control experiments, the karyoplast was returned to the
embryo from which it had just been removed and placed under the zona
pellucida. The karyoplast remained separate from the embryo b u t was held
adjacent to it by the confines of the zona pellucida. The embryo was washed
and returned to culture media for at least one hour before fusion stim ulus was
applied.

3 .2 .1 1 Collection and fertilization o f m arm oset oocytes
Collection and fertilization of marm oset oocytes was carried out as described
in Sections 2.2.4 to 2.2.8.

3 .2 .1 2 M icrom anipulation o f m arm oset embryos
M arm oset embryos were m anipulated in the same way as m ouse embryos
(Section 3.2.10; Fig. 3.3) except that the m anipulation pipettes were larger
bore. W hen used for m annoset embr\'os, the pipettes were the following sizes:
Internal diam eter

External diam eter

Holding pipette:

4 0 /im

100 ^tm

Enucleation pipette:

25 jim

30 ^tm
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FIGURE 3.2 : Sham enucleation and pronuclear transfer of a one-cell mouse
embryo. Pronuclei are shown by arrows, (a) One pronucleus is removed from
the embryo, (b) The pronuclear karyoplast is replaced within the zona
pellucida but has not yet been exposed to fusogenic stimulus. Bar = 50 /j l i u .
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3 .2 .1 3 Electrofusion of embryos
The electrofusion system incorporates a pulse generator (BTX Electro Cell
M anipulator 200, Skatron Instruments Ltd., Newmarket, UK) attached to an
electrofusion chamber (Part No. 450, Skatron Instrum ents Ltd., Newm arket,
UK). The electrofusion chamber consists of two parallel, stainless steel, 0.5
mm diam eter electrodes attached to a glass slide, 0.5 mm apart. The chamber
was filled w ith electrofusion medium (Appendix IV).

The embryos were

washed in electrofusion medium, placed in the chamber, and subjected to one
pulse of either 2 kV/cm (mouse embryos) or 1.5 kV/cm (marmoset embryos)
for 70 /xsec. The embr\^os were washed w ith M2 and returned to culture
media. Fusion had usually occurred within 30 minutes of treatm ent (Fig. 3.4).
If fusion had not occurred, the electrofusion protocol was repeated up to three
times.

3 .2 .1 4 Transfer of m ouse embryos to recipient female mice
Mouse embryo transfer was carried out as described in Section 2.2.11 (i).

3 .2 .1 5 Statistical analyses
Analysis of the difference between the proportions of embryos which fused,
lysed or failed to cleave was carried out using a proportional f-test (CSS:
Statistica; StatSoft UK, Letchworth, U.K.).
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FIGURE 3.3 : Sham enucleation and pronuclear transfer of a one-cell
marmoset embryo. Pronuclei are shown by arrows, (a) Before enucleation, (b)
One pronucleus is removed from the embryo and is membrane enclosed in the
enucleation pipette, (c) The pronuclear karyoplast is replaced within the zona
pellucida but has not yet been exposed to any fusogenic stimulus (the
pronucleus within the embryo is no longer in focus). Bar = 50 ^tm.
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FIGURE 3.4 : Electrofusion of a one-cell mouse embryo and pronuclear
karyoplast shown in Fig. 3.2. Pronuclei are shown by arrows, (a) The
membranes have fused and the pronucleus is migrating into the embryo
proper, (b) The same embryo after the completion of fusion. Bar = 50 /xm.
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3.3 RESULTS

3.3.1 T re a tm e n t o f zona pellucida-free 2 -cell m o u se em bryos w ith PEG
Zona pellucida-free 2-cell mouse embryos were exposed to 25% and 50% w/v
PEG for 90 seconds. There was no fusion of blastomeres w ithin embryos.
There was no cleavage of any embryos exposed to PEG. All embryos exposed
to 50% w/v PEG lysed within one hour of treatm ent. Sixty-three percent
(15/24) of zona-free 2-cell mouse embryos not exposed to PEG (controls)
developed to the blastocyst stage after five days (data not shown).

3 .3 .2 T re a tm e n t o f zona-intact 2 -cell m ouse em bryos w ith PEG
Zona-intact 2-cell mouse embryos were exposed to 50% w/v PEG for 30, 90,
180 or 300 seconds (Table 3.1). There was no significant difference between
the fusion rates of embryos exposed to PEG for up to 300 seconds. However,
rates of lysis were significantly higher in zona-intact 2-cell mouse embryos
exposed to PEG for 180 and 300 seconds (p< 0.01) th an in embryos exposed
to PEG for shorter time periods. The viability of embryos did not appear to
be com prom ised by exposure to 50% PEG for up to 90 seconds, with 8/9
embryos reaching the blastocyst stage (Table 3.1).
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TABLE !L I ; D evelopm ent o f zona-intact 2-cell mouse em bryos exposed to 50% w /v PEG for 3 0 , 9 0 , 180 or 3 0 0 seconds

Num ber
ofembiA'os
treated

Time of
exposure
(seconds)

Embryos lysed (%)

Embryos fused (%)

Developm ent of fused
embryos

10

0

0"

n.d.

n.a.

1 X 4-cell
1 X morula
8 X blastocyst

9

30

3 (33)"

0

n.a.

1 X 5-cell
1 X 12-cell
1 X morula
3 X blastocyst

9

90

0"

3 (33)

3 X blastocyst

1 X 4-cell
5 X blastocyst

10

180

10 (100)'’

0

n.a.

n.a.

9

300

9 (100)'’

0

n.a.

n.a.

n.d. - not done ; n.a. - not applicable
a; significantly lower than b (p< 0.01)

Development of
intact unfused
embryos

1

3.3.3 Fusion and developm ent of 2-cell m ouse embryos w ith a breached
zona pellucida exposed to PEG
Two-cell embryos w ith a hole punctured in the zona pellucida were exposed
to 50% w/v PEG for 10, 30, or 60 seconds (Table 3.2).

There was no

significant difference between the fusion or lysis rates observed after exposure
to PEG for up to 30 seconds, however the rate of lysis was significantly higher
(p < 0 .0 1 ) when embryos were exposed to PEG for 60 seconds.

Embryo

viability was affected by longer exposure to PEG. The num ber of embryos
which either lysed or failed to cleave after treatm ent rose from 0/18 in control
embryos to 3/10 when embryos were exposed to PEG for 10 seconds (p<0.05).
This trend was also evident when exposure times were increased to 30 and 60
seconds with combined rates of lysis and cleavage failure of 85% (17/20;
p< 0.001) and 100% (10/10; p<0.001), respectively. Only one of the treated
embryos reached the morula stage. None of the other 39 embryos exposed to
50% PEG developed beyond the 8-cell stage.

This contrasts with the

development of 78% (14/18) of control embryos which reached the blastocyst
stage.

Two-cell embryos w ith a hole punctured in the zona pellucida were exposed
to 40% w/v PEG for 45, 75, or 120 seconds (Table 3.3). Although 30% of
embryos exposed to PEG for 120 seconds fused, this was n o t significantly
different from embiy^os treated with 40% PEG for 45 or 75 seconds, or from
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TABLE 3.2 : D evelop m ent o f 2-cell m ouse embr\'os with a hole punctured in the zona pellucida exposed to 50% w /v PEG
for 10, 3 0 or 6 0 seconds

Num ber
of
embr}:os
treated

Time of
exposure
(seconds)

Embryos
lysed (%)

Embryos
fused (%)

Development of
fused embryos

18

0

O'

n.d.

n.a.

Developm ent of
intact unfused
embryos
3

4-cell
8-cell
14 X blastocyst
X

Total num ber of
embryos lysed or
failed to cleave (%)
O'

1 X

10

10

2 (20)'

3 (30)

2 X 2-cell
1 X morula

1 X

3

X

1 X

20

30

9 (45)'

5 (25)

5

X

1-cell (cf)

3
2

X
X

1 X

10

60

10 (100)^

0

n.a.

2-cell (cf)
4-cell
8-cell

3 (30)“

2-cell (cf)
4-cell
8-cell

17 (85)'

n.a.

10 (100)'

n.d, - not done ; n.a. - not applicable ; cf - cleavage failure
b; significantly higher than a (p<O.Ol) ; d: significantly higher than c (p< 0.05) ; e: significantly higher than d (p < 0 .0 0 1 )
K
)
UJ

TABLE 3.3 : D evelopm ent o f 2-cell m ouse embr\M)s w ith a hole punctured in the zona pellucida exposed to 40% w/v PEG
for 4 5, 75 or 120 seconds

Num ber
of
embryos
treated

Time of
exposure
(seconds)

Embryos
lysed (%)

Embryos
fused (%)

Development of
fused embryos

10

0

0

n.d.

n.a.

3
7

X

8

45

0

0

n.a.

7

X

Development of
intact unfused
embryos
4-cell
X blastocyst

1 X

0
0

8

75

0

0

n.a.

1 X 2-cell (cf)
5 X 4-cell
1 X 8-cell
1 X m orula

1 (13)

10

120

1 (10)

3 (30)

3 X 2-cell

2 X 4-cell
3 X m orula
1 X blastocyst

1 (10)

n.d. - not done ; n.a. - not applicable ; cf - cleavage failure
K>
4^

4-cell
8-cell

Total num ber of
embryos lysed or
failed to cleave (%)

control embryos. The num ber of those embryos which either did not cleave
or lysed after treatm ent did not significantly increase from control embryos at
this concentration of PEG. However, the development of fused embryos was
poor, each embryo only undergoing one cleavage division. It is also w orth
noting th at although 7/10 control embryos reached the blastocyst stage, only
one of 26 (4%) intact but unfused embryos exposed to PEG formed a
blastocyst.

3 .3 .4 F u sion an d d evelopm ent of 2 -cell m ouse em bryos w ith a b reach ed
zo n a p ellu cid a exposed to p h y to h em ag g lu tin in a n d PEG
Two-cell mouse embiy^os with a breached zona pellucida were exposed to 40%
PEG for 120 seconds after 30 seconds phytohem agglutinin exposure (Table
3.4). Control embryos were also exposed to PHA bu t not to PEG. Twenty
percent (2/10) of embryos fused and one embryo lysed. Both embryos which
fused developed to the blastocyst stage.

Overall 6/10 treated embryos

developed to blastocyst which was not significantly different from the
development of 9/10 control embryos to the blastocyst stage. Two-cell mouse
embryos with a breached zona-pellucida were exposed to 45% PEG for 60, 90
or 120 seconds (Table 3.5). The lowest fusion rate was of those embryos
exposed to PEG for 60 seconds (6%). There was a significant increase in
fusion as exposure times were increased (p< 0.001) w ith a maximum fusion
rate of 70% in those embryos exposed to PEG for 120 seconds. However, lysis
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TABLE 3.4 : D evelop m ent o f 2-cell m ouse cmhr\'os with a hole punctured in the zona pellucida exposed to 4 0 0 /x^ml
phytohem agglutinin for 30 seconds followed by exposure to 40% w/v PEG for 120 seconds

Num ber
of
embryos
treated

Time of
exposure
(seconds)

Embryos
lysed (%)

Embryos
fused (%)

Development of
fused embryos

10

0

0

n.d.

n.a.

10

120

1 (10)

2 (20)

n.d. - not done ; n.a. - not applicable

2

X

blastocyst

Developm ent of
intact unfused
embryos
1 X 8-cell
9 X blastocyst
1 X 4-cell
1 X 8-cell
1 X m orula
4 X blastocyst

I ABLE ' i . ) I )ovcloj'nu'nt <>l 2-a-ll mouse embryos with ;i hole putu turecl m the /on.i pellucida exposed to 4 0 0 ^j^ml phytohemagglutirun for 30
seconds followed by c ,'osure to 4 5% w/v PUG for 60, 00 or I 20 seconds
1 mbrvos
fused (’Ki)

Num bei of
em br\( >s
treated

3 ime of
exposure
(sec< mils)

hmbryos Ivsed

40

0

O'

n.d

47

f)0

0"

3 (h)''

55

00

23 (42)^

77

120

1 1 (14)'

1)evelopnumt of fused
embryos

D evelopm ent of intact
unfused embryos

l otal nutuber o f embrxos
lysed or failed to cleave
(%)

n.a.

2 X 2 -cell (cf)
5 X 4-cell
2 X morula
31 X blastocyst

2 (5 ^

1 X 2-cell
2 X blastocvst

3 X 2-cell (cf)
14 X 4-cell
7 X 8-cell
4 X morula
16 X blastocyst

3 (6 ^

IS (33)'

13 X 1-cell (cf)
2 X S-cell
3 X blastocyst

3 X 2 cell (cf)
5 X 4-cell
4 X 8-cell
1 X 12-cell
1 X blastocyst

39 (7 1 )'

54 (70)'

43 X 1-cell (cf)
5 X 2-cell
2 X 4-cell
4 X blastocvst

9 X 2-cell (cf)
2 X 4-cell
1 X 8-cell

63 (8 2 )'

u.d. - not done; n.a. - not applicable; c.f. - cleavage failure
All numbers in the same column with different superscripts are sigtuficantlv different (p < 0 .0 0 1 )

rates were also significantly increased to 42% when exposure time was raised
to 60 seconds (p< 0.001).

Surprisingly, lysis decreased significantly when

exposure to PEG was increased to 120 seconds (p< 0.001). Only 6% (3/47)
of embryos exposed to PHA followed by PEG for 60 seconds failed to cleave
after treatm ent. A total of 18 (38%) embryos exposed to PEG for 60 seconds,
including two embryos which had undergone fusion, developed to the
blastocyst stage.

This was significantly less than the num ber of control

embryos reaching the blastocyst stage (78%; p< 0.001). W hen exposure times
were increased to 90 and 120 seconds only 7% and 5% of embryos,
respectively, reached the blastocv^st stage (p<0.001). Correspondingly, the
num ber of embryos which either failed to cleave or lysed after treatm ent
increased from 3/47 (6%) to 39/55 (71%) when exposure times were increased
from 60 to 90 seconds (p<0.001) and rose to 82% (63/77) when the exposure
time was increased to 120 seconds.

A sim ilar pattern was observed when two-cell mouse embryos, with a
punctured zona pellucida, were exposed to 50% PEG for 30, 60 or 90 seconds
following PHA exposure (Table 3.6). Increasing the exposure time from 30 to
60 seconds and then further, to 90 seconds, had no significant effect on fusion
rate. There was no significant difference in the num ber of lysed embryos when
exposure tim e was increased from 30 to 60 seconds, however there was a
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I ABLE :L6 : D evelop m ent o f 2-cell m ouse embryos w ith a hole punctured in the zona pellucida exposed to 4 0 0 fi^n\\
p h y to h em a ^ lu tin in for 3 0 seconds followed by exposure to 50% w'/v PEG for 3 0 , 6 0 , or 9 0 seconds

Number of
embrx'os
treated

l ime of
exposure
(seconds)

Embryos
lysed (%)

Embryos
fused (%)

Development of
fused embryos

40

0

0

n.d.

n.a.

29

30

9 (31)'

5 (17)

19

60

4 (2 1 )'

19

90

12 (63)b

Developm ent of
intact un fused
embryos

Total number of
embiyos lysed or
failed to cleave (%)

2 X 2-cell (cf)
5 X 4-cell
2 X m orula
31 X blastocyst

2 (5 r

2 X 1-cell (cf)
1 X 2-ce 11
1 X 4-cell
1 X 8-cell

2 X 2-cell (cf)
9 X 4-cell
4 X 8-cell

13 (45)"

6 (3 2 )

6 X I -cell (cf)

6 X 2-cell (cf)
3 X 4-cell

16 (84)'

6 (3 2 )

6 X 1-cell (cf)

1 X 2-cell (cf)

19 (100)'

n.d. - not done; n.a. - not applicable; cf - cleavage failure
b: significantly higher than a (p<0.05) ; d: significantly higher than c (p<0.001) ; e: significantly higher than d (p< 0.001)
to
\o

significant increase in the num ber of embryos which did not cleave after
treatm ent, as reflected by the increase from 45% to 84% (p<0.01) in the total
num ber of embryos which lysed or failed to cleave. A further increase in time
of exposure from 60 to 90 seconds caused 100% of embryos to lyse or fail to
undergo cleavage.

Only 16/29 (55%) of embryos exposed to PEG for 30

seconds cleaved and the maximum development was to eight cells. Just three
embryos exposed to PEG for 60 seconds cleaved and reached four cells.

3 .3 .5 M icrom anipulation and electrofusion o f one-cell m ouse em bryos
A total of 75 mouse embryos were m anipulated in 9 experiments (Table 3.7).
A pronuclear karyoplast was removed, replaced beneath the zona pellucida and
electrofusion was used to restore the mouse embryo to its biparental status.
Sixty-nine (92%) embryos were successfully manipulated. O f these, 52 (75%)
fused after electrical stimulus was applied. One embryo (2%) lysed during
electrofusion. The overall efficiency of the system, when combining the results
from m anipulation and electrofusion was 69% (52/75; Table 3.7).
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TABLE 3 .7 ; D evelo p m en t o f onc-eell m ouse em bryos after removal, replacement and fusion o f a pronuclear karyoplast.

Experiment
N um ber

N um ber o f
em bryos
m anipulated

N um ber o f em bryos
successfully
manipulated"

Fusion of
Karyoplast'’

D evelop m en t o f fused em bryos

1

5

4

3

1 X 1-cell (cO, 2 X morula

2

10

10

4

1 X m orula, 3 x blastocyst

3

6

6

3

1 X 8-cell, 2 X blastocvst

d

14

12

12

7 X 2-cell, 2 X 4-cell, 3 x morula

4

3

2

T R A N SFE R R E D (see Fable 3 .8 )

6

6

6

3

T R A N SFE R R E D (see Table 3 .8 )

7

4

4

4

4 X blastocyst

8

13

12

11

4 X 2 -cell, 3 X 4-cell
1 X 8-cell, 3 X morula

9

13

12

10

TO TAL

75

6 9 (9 2 )

52 (75)

: (% o f em bryos m anipulated)
’’ ; (% o f em bryos successfully m anipulated)
f: cleavage failure

2

X

1-cell (cf), 2

X

2 -cell, 2 x 8-cell, 2 x m orula, 2 x blastocyst

3 .3 .6 D evelopm ent of manipulated and electrically fused m ouse embryos
3.3.6 (i) Developm ent in vitro
Forty-seven m anipulated and fused embryos were cultured in vitro. Ninetyfour percent (44/47) underwent at least one cleavage division. Thirty-one
embryos (66%) reached the four cell stage, and 26 (55%) continued to cleave
to eight cells.

Forty-seven percent (22/47) of embryos formed compacted

morulae and eleven embryos (23%) reached the blastocyst stage after five days
(Table 3.7).

3.3.6 (ii) D evelopm ent in vivo
Five m anipulated and fused mouse embryos were transferred, at the two-cell
stage, to two recipient female mice (Table 3.8). All five embryos (100%) had
im planted, and three (60%) had formed fetuses on Day 15 of gestation. A
total of 10 control embryos (non-m anipulated two-cell embryos) were
transferred to the contralateral oviducts. All control embryos im planted and
six (60%) formed fetuses (Table 3.8). Clearly, there was no difference between
the in vivo development of manipulated and non-m ahipulated mouse embryos.
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I'AIiLE I N : D evelop m ent o f m ouse em bryos after sham pronuclear transfer and electrofusion (I) or control em bryos (11) and transfer to
pseudopreiMiatu recipient m ice
I. Sham pronuclear transfer and electrofusion

Experim ent
N um ber

1

N um ber
transferred

N um ber transferred to
pseudopregnant recipients

Im plantations*

Fetuses

N o.

%

N o.

%

2

2

2

100

2

100

2

3

3

3

100

1

33

d'OTAL

5

5

5

100

3

60

N um ber
transferred

N um ber transferred to
pseudopregnant recipients

11. C ontrols

Experim ent
N um ber

Fetuses

N o.

%

N o.

%

1

4

4

4

100

3

75

2

6

6

6

100

3

50

T O IA L

10

10

10

100

6

60

Includes em bryos w hich w ere resorbed and em bryos w hich ileveloped into fetuses

C.J
C .J

Im plantations*

1

TABLE 3.9 : D evelopm ent of one-cell marmoset embr)'os after removal, replacem ent and fusion o f a pronuclear karyoplast.

Experiment
N um ber

Num ber of
embryos
m anipulated

Number of
embiy^os
successfullv
manipulated"*

1

6

0

-

2

5

4 (80)

3 (7 5 )

1 X

3

3

2 (3 3 )

I (50)

1 X 2-cell

4

1

1 (100)

0 (0 )

5

3

2 (3 3 )

1 (50)

1 X 2-cell

1

6

3

2 (3 3 )

2 (100)

1 X 4-cell
1 X 1-cell

1
1

TOTAL

21

11 (52)

7 (04)

Fusion of
Karyoplast*’

; (% of entbryos m anipulated); '' : (% of embiya)s successfully m anipulated)

Developm ent of
fused embryos

-

2-cell
1 X 4-cell
1 X 8-cell

-

1

3 .3 .7

M icrom anipulation and electrofusion o f one-cell m arm oset

embryos
A pronuclear karyoplast was removed, replaced beneath the zona pellucida and
electrofusion was used to restore the marmoset embryo to its biparental status.
Of the 21 embryos which were m anipulated, eleven (52%) had a pronucleus
removed and successfully replaced beneath the zona pellucida (Table 3.9).
However, in th e first experiment, which involved six embryos, all six lysed
during the m anipulation process. This was due to the use of m anipulation
pipettes which were too small in diameter. In subsequent experiments, when
the diam eter of the enucleation pipette had been increased to 25 jim , 11/15
(73%) of marmoset embryos were successfully m anipulated. Eleven embryos
were subjected to the fusion process. Seven (64%) fused and were restored to
biparental status (Table 3.9). Three m arm oset embryos fused after a single
electrical pulse and four embryos required two or more electrical pulses to
facilitate fusion. Of the five embryos which did not fuse, two karyoplasts lysed
after the fusion pulse was applied. The rem ainder of the unsuccessfully fused
embtyos remained intact. The overall success rate of this system, combining
the results from the manipulation and fusion was 30% (7/21) or, disregarding
the first experiment for the reasons outlined above, the overall success rate was
46%(:V15X
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FIGURE 3.5 : (a) 2-cell and (b) 4-cell marmoset embryo after sham
enucleation and pronuclear transfer, and electrofusion. Bar = 25 fim.
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3 .3 .8 D evelopm ent o f m arm oset embryos after m anipulation and
electrofusion
Only one of the seven successfully electrically fused m arm oset embryos failed
to cleave after treatm ent (Table 3.9). Six embryos reached the 2-cell stage,
three embryos continued to cleave to four cells, and one embryo reached 8
cells (Fig. 3.5). The average developm ent (± SEM) was to 3.3 (± 2.3) cells,
w hich is significantly less than the developm ent of in vitro fertilized, n o n 
m anipulated, marmoset embryos which developed to 7.7 (± 0.7) cells
(p< 0.04; Section 2.3.6).

3.4 D ISC U SSIO N
These studies show th at blastomeres from two-cell mouse embryos can be
fused using PEG, and th at karyoplasts and one-cell embryos from mice and
m arm osets can be fused using electrical stimulation.

The successful fusion of cell m em branes using PEG requires a sequence of
events to occur. Firstly, juxtaposition of the two cell membranes is necessar}\
Two-cell mouse embryos used in this study were physically constrained by the
zona

pellucida

and

the

m em branes

agglutinated

by

exposure

to

phytohemagglutinin (PHA; M intz et al 1973). The next events in the fusion
sequence are modifications to the structure and organisation of the lipids
and/or the proteins in the m em brane to allow fusion to occur. PEG appears
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to increase the perm eability of the membranes to Ca^^ ions, decrease the
am ount of free water in solution, and change the surface potential of the
membranes (reviewed by Lucy 1980). All of these changes in the m em brane
allow fusion to occur.

The third event in the process of cell fusion is

stabilisation of the m em branes after fusion (Lucy 1982).

Polyethylene glycol has mainly been used for the fusion of som atic cells and
maximum rates of fusion of 40-50% have been achieved using a 60 second
exposure to 50% w/v ratio of PEG/water. PEG is not commonly used for the
fusion of mammalian blastomeres, although the protocol described above has
been used to fuse porcine and mouse zona-free oocytes (Fulka et al 1986).
Eglitis (1980) used PEG to fuse 4-cell mouse blastomeres to create tetraploid
mouse embryos.

The highest rates of fusion (57%) were obtained after

exposure of zona pellucida-free 4-cell mouse blastomeres to a 45% w/v solution
of PEG for 120 seconds, after PHA exposure. In this study, the highest rate
of fusion using polyethylene glycol was 70%, achieved by exposing 2-cell
mouse embryos, with a hole punctured in the zona pellucida, to the same
treatm ent.

Eglitis (1980) found that ninety percent of fused blastomeres

cleaved at least once and 30-40% of tetraploid embryos cavitated, whereas I
found th at this particular treatm ent led to significant decreases in the extent
of cleavage and the num ber of embryos reaching the blastocyst stage compared
to control embryos. The cavitation of these embryos should not be affected by
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decreased cell num ber because compaction and blastocyst formation are
tem poral events and are not related to cell number.

Mouse embryos go

through a transition from control by the maternal genome to the embryonic
genome at the two-cell stage (Flach et al 1982). Therefore, two-cell mouse
embryos may be more susceptible to the toxic effects of PEG than four-cell
mouse embryos. The influx of Ca^^ may also affect the cell cycle control at the
two-cell stage.

Eglitis (1980) concluded that the reason for decreased

cavitation efficiency in fused embryos compared to control embryos was due
to the toxic effects of PEG exposure.

To achieve high rates of fusion it was necessary to increase exposure time and
concentration of PEG. The recurring trend observed in these experiments was
that increased exposure to PEG led to a concomitant increase in both lysis rate
and the num ber of embryos which did not cleave after treatm ent.

The

exposure times and concentrations of PEG which sustained embryo viability
were unable to induce fusion.

The toxicity of PEG can be partially alleviated by the pre-treatm ent of
embr}'os w ith phytohemagglutinin (Eglitis 1980). PHA also has agglutination
characteristics which help in the fusion process (M intz et al 1973).

Its

protective qualities are dem onstrated by comparing embryos which were
exposed to the same treatm ent regime w ith or w ithout PHA. For example,
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100% of two-cell mouse embryos, with a punctured zona pellucida, exposed
to 50% w/v PEG for 60 seconds, without PHA exposure, lysed after treatm ent
(Table 3.2). However, when two-cell mouse embryos, with a punctured zona
pellucida, were pre-treated w ith PHA the lysis rate dropped to 21% (Table
3.6). In spite of the decrease in lysis rate, subsequent developm ent of these
embiy^os was poor and only three of nineteen embryos cleaved (Table 3.6). A
similar comparison can be made between two-cell mouse embr\^os, with a hole
punctured in the zona pellucida, exposed to 40% w/v PEG for 120 seconds,
again with or without PHA exposure. In this instance, there was no significant
difference in lysis or fusion rates. However, only I/IO of the embr\x)s which
were not pre-treated with PHA developed to blastocyst (Table 3.3), compared
to 6/10 blastocysts derived from embryos which had been exposed to PHA
(Table 3.4). These results suggest that PEG has a bimodal effect on embryo
viability which is time dependent. Firstly, it may inflict a toxic effect which
affects developmental capacity by reducing embryo cleavage and, secondly,
w ith longer exposure, the cell membranes may be unable to complete the
stabilisation process required after fusion and consequently the cells lyse.

Removal of the zona pellucida from 2-cell mouse embryos diminished the
likelihood th at the third and final event in the process of PEG fusion, the
stabilisation of the membranes, would occur. W hen zona-free 2-cell mouse
embry^os were exposed to 50 % w/v PEG for 90 seconds, 100% lysed. In
140

contrast, none of the zona-intact mouse embryos which underw ent the same
treatm en t lysed and 89% developed to blastocyst. This suggests th at there
m ay be a time lag, during which the PEG is passing through the zona
pellucida, before it affects the cell membranes. This would effectively decrease
the length of exposure of the membranes to PEG and hence decrease the lysis
rate.

Fused two-cell mouse embryos are tetraploid and this may compromise the
extent of development. However, it has been shown by Eglitis (1980), that up
to 73% of tetraploid mouse embryos fused by PEG can develop to the
blastocyst stage. ICaufman and W ebb (1990) also found th at up to 95% of
tetraploid mouse embryos produced by electrofusion at the two-cell stage and
transferred to synchronised recipients, im planted and 69.6% of tetraploid
embryos formed fetuses with beating hearts after 10 days of gestation.

Fusion of blastomeres of two-cell mouse embryos was carried out to investigate
the feasibility of using PEG as a fusion system. The ultim ate aim was to apply
this technique to marmoset embryos. It has been demonstrated th at fusion of
mouse blastomeres with PEG can be achieved and, in some cases, development
will continue after fusion. But this system was not efficient enough for use in
a species where the number of embryos available was limited. For this reason,
the use of electrical stim ulation as a fusion system was investigated.
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Although there was no difference between the rates of fusion when comparing
PEG to electrical stimulation, the advantages of electrofusion over PEG fusion
are dem onstrated in the developmental capacity of the fused embryos. At the
highest rates of fusion, only 5% of PEG treated two-cell mouse embryos
developed to blastocyst, and 82% either lysed or failed to cleave, but 29% of
electrically fused one-cell mouse embryos developed to blastocyst and only 8%
failed to cleave. Embryo viability is less likely to be compromised by using
electrofusion as there is no exposure of embryos to potentially toxic chemicals.

Fusion of mannoset karyoplasts to one-cell embr\'os was successful in 64% of
cases. Pronuclear stage marmoset embryos developed to an average of 3 cells,
and a maximum of 8 cells, after micromanipulation and electrofusion. This
dem onstrates the potential of this system and if it had been possible to gain
access to a greater number of marmoset embryos for this study, it is likely that
an even more efficient electrofusion protocol could have been developed which
would have increased the fusion efficiency. This is the first successful
dem onstration of this procedure on the embryos of any primate, including the
hum an.

Attem pts have been made to remove the extra pronucleus from

hum an tripronuclear embryos and two of three embryos survived the process
(Rawlins et al 1988). However, there was no cleavage of either of the two
successfully m anipulated embryos. Palermo et al (1994) successfully
enucleated dispermic and digynic human zygotes and cleavage continued after
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this process, b ut for ethical reasons it has not been shown w hether fusion of
a pronuclear karyoplast to a one-cell hum an embryo is possible.

Table 3.10 shows how the results obtained for mouse and m arm oset embryos
in this study compare with the rates of electrofusion obtained by other workers
for other species.

Depending upon the species under investigation, pulse

parameters required to obtain high rates of fusion vary. T here appears to be
an association between pulse num ber and pulse strength. Fewer pulses are
required to achieve fusion if the pulse strength is increased and vice versa. The
only exception being the electrofusion of rabbit blastom eres to oocytes which
required three very strong pulses. By altering pulse size, pulse duration, and
the num ber of pulses applied to embryos it is possible to customize the
electrofusion system to suit the species under investigation.

The creation of embryos carrying only paternal chrom osomes requires the
success of two fundam ental techniques.

Firstly, the determ ination of the

parental origin of the pronuclei, and secondly, pronuclear transfer and fusion.
This chapter has described the development of an efficient fusion system. The
following chapter (C hapter 4) describes the techniques applied to determ ine
the parental origin of m armoset pronuclei.
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TABLE 'LIO ; Pulse paraiucters retjuircd lo obtain electrolvision oi cell types in various species.

Species

Cell types fused

Strength
of pulse
(kV/cm)

Pulse
duration
ilJiS)

N um ber
of
pulses

M aximum fusion
(%)

Source

Marmoset

PN/l-cell

1.5

70

1-3

64

This study

Mouse

PN/I -cell

2.0

70

I

72

This study

Rat

P N /1-cell

1.5

200

2

81-92

Kono et al ( 1988)

Rabbit

8-cell/oocyte

3.6

60

3

94

Collas and Robl ( 1990)

Mg

2-8-cell/oocvte

1.2

30

I

-8 0

Prather et al ( 1989)

Sheep

16-celPoocyte

0.75

100

3

-9 0

W illadsen (1986)

Cow

32-64-ccll/oocyte

0.75

50

3

-7 0

Bondioli et al ( 1990)

............

PN - pronuclear karvoplast

CHAPTER 4

DETERMINATION OF
THE PARENTAL ORIGIN
OF MARMOSET PRONUCLEI
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4.1 INTRODUCTION

The fundam ental requirem ent when creating uniparental embryos by
enucleation and pronuclear transfer, is to distinguish between the maternal
and paternal pronuclei. In mouse embryos, the m aternal pro nucleus is larger
and is initially situated closer to the second polar body than the paternal
pronucleus (M cGrath and Solter 1983). There is some indication th a t these
param eters can also be used to distinguish between m aternal and paternal
pronuclei in hum an embryos (Rawlins et al 1988).

U nfortunately, in

m arm oset embryos there appears to be no size difference between the
pronuclei, and it is difficult to differentiate between the first and second polar
bodies (Fig. 4.1). Both pronuclei of marmoset embryos form at the same time
after fertilization (Chapter 2), unlike hamster embryos in which the maternal
pronucleus forms before the paternal pronucleus (Perreault et al 1987).
Clearly, a system of pronuclear identification is required for marmoset
embryos.

The DNA of mouse gametes and pronuclei can be stained with a polyspecific
nuclear fluorochrome, H oechst 33342, with little effect on subsequent
fertilization or development (Tone and Kato 1986).

This enables the

pronuclei to be visualised w ithout fixing the embryo. DNA staining has been
used to determine the interaction of the two parental genomes w ith the egg
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FIGURE 4.1 : (a) One-cell mouse embryo showing maternal pronucleus (m)
and larger paternal (p) pronucleus, and first (1) and second (2) polar bodies,
(b) One-cell marmoset embryo. There is no size difference between pronuclei
(PN), and it is not possible to differentiate between the first and second polar
bodies (PB). Bar = 25 /im.
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cytoplasm, and organisation of chromatin during pronuclear formation and cell
cleavage (Eichenlaub-Ritter et al 1988, Mori et al 1988, Adenot et al 1991).

Identification of the parental origin of marmoset pronuclei might be successful
if fertilization was obtained from stained gametes. Fluorescence of either the
paternal or the maternal pronucleus would result from staining of either the
sperm or the oocyte, respectively. Prolonged exposure to ultra-violet light in
conjunction wdth staining does, however, cause a loss of viability (Tone and
ICato 1986). For this reason, it would be desirable to stain only gametes from
the parent whose pronucleus is to be removed from the embryo. Production
of gynogenetic embryos would be preceded by fertilization of oocytes with
stained sperm. At the pronuclear stage the stained paternal pronucleus would
be removed to create a gynogenote, thus elim inating the possibility that
abnormal DNA would contribute to the em bryonic genome. Alternatively, if
the study involved production of androgenotes, the oocyte would be stained
and, after fertilization, removal of the m aternal pronucleus would leave the
unstained paternal pronucleus within the embr)^o. The initial requirements of
this procedure are th at the gametes will take up fluorochrome, th at normal
fertilization will take place, th at the pronuclei will fluoresce, and th at the
exposure to ultra-violet light will be short enough that it will not affect the
viability of the embryo. All these requirem ents can be fulfilled in mouse
embryos, with fertilization rates of up to 90% using stained oocytes and sperm
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(Tone and Kato 1986). Less than 10 seconds exposure to ultra-violet light has
no effect on the development of mouse embryos to blastocyst (Tone and Kato
1986).

In this chapter 1 describe experiments using mouse embryos and gametes to
verify the fluorescent staining and detection of DN A using H oechst 33342.
Subsequently, I have exposed marmoset gametes to fluorochrom e and carried
o u t IVF using stained gametes. Effects of exposure to stain on m arm oset
sperm m otility, IVF, and marmoset embryo development are presented.

4.2 MATERIALS A N D M E T H O D S

4.2.1 P re p a ra tio n of H o ech st 33342
A 2 mg/ml stock solution of Hoechst 33342 (Bisbenzimide; Sigma Chemical
Co. Ltd., Poole, Dorset, U.K.) was made using purified water. This stock
solution was snap frozen in aliquots of 20 fil and stored at -20 °C. A working
concentration of 2 /Ltg/ml was prepared by diluting 10 ^tl of stock solution with
10 ml of M l 6 m edium (W hittingham 1971).

4 .2 .2 S tain in g o f p ro n u cle ar stage m ouse em bryos
Pronuclear stage mouse embryos were collected as described in Section 3.2.4.
Those embryos with two pronuclei were incubated in M 16 and 2
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H oechst 33342 for 2 hours before being visualised for fluorescence under
ultra-violet light (Section 4.2.12).

4 .2 .3 C ollection of m ouse sperm
Epididynial sperm was collected according to the m ethod described by Fraser
and Drury ( 1975). Ten-twelve week old C57/B1 x CBA male mice were killed
by cervical dislocation. One epididymis was dissected and placed in a 100 /xl
drop of equilibrated T6 (Fraser and D rury 1975; Appendix V) under paraffin
oil in a 35 mm diam eter culture dish. The epididymis was teased apart, to
allow sperm to swam out into the m edium , and the dish was placed in a
humidified atmosphere of 5% CO in air at 37 °C, for approximately 2 hours.
2

4 .2 .4 Staining of m ouse sperm w ith H oechst 3 3 3 4 2
The sperm from one epididymis was released into T6 medium w ith 15 mg/ml
bovine serum albumin (BSA; Sigma Chemical Co. Ltd., Poole, Dorset, U.K.)
and 2

Hoechst 33342. The sperm was incubated in this media for 30

m inutes then centrifuged for 4 m inutes, resuspended in T 6 w ith BSA,
recentrifuged for 4 minutes, and again resuspended in T6 and 15 mg/ml BSA.
The sperm was incubated in a humidified atm osphere of 5% COg in air at 37
°C for 2 hours and adjusted to a concentration of 1 x 10^ /ml.
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4 .2 .5 C ollection o f m o u se oocytes
Female CBA x C57B1/6 F, mice were superovulated using the same protocol
as described in Section 3.2.2. Twelve hours post-hCG injection, the mice were
killed by cervical dislocation. The oviducts were dissected, and placed in M2
medium.

The oviducts were torn apart with sharp forceps, releasing the

cumulus/oocyte masses. Cumulus enclosed oocytes were im m ediately placed
into drops of T6 w ith sperm (Section 4.2.3) for insem ination.

4 .2 .6 In se m in a tio n o f m ouse oocytes
Cumulus enclosed eggs were incubated with the sperm for 2 hours, washed 5
times in T6 before transferring to M 16 medium, and incubated under oil in
an atmosphere of 5% CO in air. Embryos were examined for the presence of
2

two pronuclei and fluorescence of the paternal pronucleus 12 hours post
insemination.
There were three controls:
(1) Some oocytes ( n = l l ) were not incubated with sperm as a control for
parthenogenetic activation.
(2) Oocytes were incubated with sperm which was not stained with Hoechst
33342, to compare the fertilizing potential of stained and unstained sperm.
(3) Oocytes were incubated with stained sperm b u t were n o t exposed to
fluorescent light to compare with the effects of combining sperm staining and
ultra-violet exposure.
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4.2.7 Collection of marmoset sperm
M arm oset sperm was collected as described in Section 2.2.6 (ii).

4.2.8 Exposure of marmoset sperm to Hoechst 33342
M otile m arm oset epididymal sperm was incubated for 30 m inutes in Alpha
M odification of M inimum Essential M edium Eagle (aM E M ) supplem ented
with 10 ju,M caffeine, 10 /xM dibutyryl cyclic AMP, 10% marmoset serum and
2/xg/ml H oechst 33342.

The stain was washed out of the sperm by

centrifuging the sperm for 5 minutes, resuspending, centrifuging again for 5
m inutes and resuspending in the same media w ithout Hoechst 33342.
M arm oset sperm was examined for m otility and fluorescence.

4.2.9 Collection of marmoset oocytes
M arm oset oocytes were collected as descibed in Section 2.2.4.

4.2.10 Exposure of marmoset oocytes to Hoechst 33342
M arm oset oocytes were incubated in Alpha M odification of M inim um
Essential M edium Eagle (aM EM ) supplemented w ith 10 /xM caffeine, 10 /xM
dibutyryl cyclic AMP, 10% marmoset serum and 2/xg/ml Hoechst 33342 for
2 hours.

Oocytes were subsequently washed thoroughly and placed w ith

sperm for insem ination.
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4.2.11 In sem in atio n of m arm o set oocytes an d assessm ent o f fertilizatio n
Insem ination and assessment of fertilization was carried out as described in
Sections 2.2.8 and 2.2.9.

4 .2 .1 2 V isu alisatio n o f fluorescence
Gametes and embryos were examined with a Zeiss Axioskop microscope (Zeiss,
W elw yn Garden City, Herts, U.K.) fitted with epifluorescence.

H oechst

33342 is visible under ultra-violet light with a wavelength of 395-440 nm, and
was viewed using Filter set No. 5 (Zeiss, W elwyn Garden City, Herts, U.K.).

4 .3 RESULTS

4.3.1 S tain in g of p ro n u clear stage m ouse em bryos
M ouse pronuclear stage embryos were stained after fertilization to confirm
th at the parameters for this method, used by Tone and Kato (1986) would be
successful under conditions in our laboratory. In the 23 one-cell embryos
exposed to Hoechst 33342 and examined under ultra-violet light, both
pronuclei exhibited fluorescence (Fig 4.2).

15:

FIGURE 4.2 : One-cell mouse embryos after exposure to Fioechst 33342,
showing fluorescent pronuclei (arrow heads). Polar bodies and some cumulus
cells are also fluorescent.
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4.3.2 Fluorescent staining of mouse sperm and IVF
This experiment was designed to confirm that stained mouse sperm could
fertilize mouse oocytes and that the paternal pronucleus would fluoresce, and
to record the subsequent development of these embryos compared to controls.
Sixteen (50%) mouse oocytes were fertilized by stained mouse sperm. This
was not significantly different from the number of mouse oocytes fertilized by
unstained sperm (30/45; 66% )(Figure 4.3). Embryos fertilized by stained
sperm were exposed to ultra-violet light at the pronuclear stage. This showed
th at the male pronucleus was fluorescent, but this exposure had a detrimental
effect on development as none of the exposed and stained embryos underwent
more than one cleavage division (n=21)(Figure 4.3). N ineteen percent (6/32)
of the embryos fertilized with stained sperm, but not exposed to ultra-violet
light, cleaved to the 8-cell stage but none developed further.

Of control

embryos, which had been fertilized with unstained sperm and were not
exposed to ultra-violet light, 49% (22/45) developed to the 8-cell stage, 36%
(16/45) to the morula stage, and 29% (13/45) developed to blastocyst (Figure
4.3). No parthenogenetic activation occurred in control oocytes.

4.3.3 Staining of marmoset epidydimal sperm
A preliminary experiment was carried out to determine w hether the same
concentration of H oechst 33342 used for mouse sperm (2 /ig/ml) would also
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13 Unstained sperm, not exposed to UV light
□ Stained sperm, not exposed to UV light
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FIG U R E 4.3 : The development o f mouse em bryos produced after
in vitro fertilization with stained or unstained sperm and w ith or
w ithout exposure to UV light at the pronuclear stage.
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cause fluorescence of marmoset sperm. M arm oset sperm did fluoresce as
shown in Figure 4.4.

4 .3 .4 F e rtiliz a tio n of m arm o set oocytes w ith sta in e d sperm
T hree of nine (33%) marmoset oocytes which were incubated with stained
sperm fertilized.

Although numbers are very small in this study, the

fertilization rate decreased from 76% with unstained marmoset sperm
(p < 0 .0 0 5 ; see Section 2.3.5) to 33% w ith stained sperm. The decrease in
fertilizing capacity could be due to the centrifugation which is required to
recover the sperm from the stain solution before insemination.

4 .3 .5 F e rtiliz a tio n of stain ed m arm o se t oocytes
Sixty-five percent (11/17) of marmoset oocytes exposed to 2 /xg/ml Hoechst
33342 fertilized, not significantly different from th at of untreated m arm oset
oocytes (C hapter 2). This indicates th at this concentration of stain has no
detrim ental effect on the capability of m arm oset oocytes to be fertilized.

4 .3 .6 O b se rv a tio n of fluorescence
N one of the pronuclei in marmoset embryos derived from either stained
marmoset oocytes or from stained marmoset sperm were visible when exposed
to ultra-violet light at the pronuclear stage. T he first polar body of stained
m arm oset oocytes was fluorescent, indicating th a t the stain did penetrate the
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FIGURE 4.4 : (a) Marmoset sperm stained with Hoechst 33342 and (b)
exposed to ultra-violet light. Immotile sperm were intentionally photographed
to show th at the stain is taken up.
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cumulus and zona pellucida, and th at the concentration of stain used was high
enough to obtain visible fluorescence of m armoset DNA.

4 .4 D IS C U S S IO N
H oechst 33342 staining is m ost commonly used as a pre-requisite for flow
cytofluorometric sorting of X- and Y-chromosome bearing sperm in dom estic
species. Offspring have been produced from pigs (Johnson 1991), rabbits
(Johnson 1992), and cattle (Cran et al 1993) after artificial insemination with
stained sperm. This confirms th at the viability of the DNA in the sperm of
these species is not compromised by exposure to Hoechst 33342.

The DNA of m arm oset oocytes and sperm can be stained w ith a polyspecific
nuclear fluorochrome, Hoechst 33342. M arm oset sperm m otility was n o t
detrim entally affected by exposure to Hoechst 33342. Luttm er and Longo
(1986) reported th at there were no effects of exposure to Hoechst 33342 on
the m otility of ham ster, surf clam and sea urchin sperm.

Fertilization rates using stained mouse sperm were not significantly decreased
com pared to unstained sperm. Luttm er and Longo (1986) observed th a t
staining w ith H oechst 33342 had a detrim ental effect on fertilizing capacity
of ham ster sperm, as they were not able to fertilize hamster oocytes w ith intact
zona pellucidae. This defect of fertilization is presumably associated w ith
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sperm penetration of the zona pellucida since stained sperm were able to
fertilize zona-free ham ster oocytes (Luttmer and Longo 1986).

Stained

m arm oset sperm also fertilized significantly less marmoset oocytes than
unstained marmoset sperm. A m arked decrease in the fertilizing capacity of
m arm oset sperm may have been associated with the processing of the sperm
to remove it from media containing the stain before insemination. M arm oset
sperm are particularly susceptible to damage during centrifugation (Chapter
2, this thesis; Harlow 1984). Centrifugation could be avoided by using highly
technical methods of achieving fertilization with stained sperm, such as intrac\'toplasmic sperm injection (ICSI; Palermo et al 1992). However, for the
purposes of this study, the zona pellucida would need to be punctured twice,
firstly during sperm injection and again during enucleation.

It would be

extremely difficult to find the same hole in the zona pellucida to use for
enucleation. The force required to puncture the zona pellucida during the
enucleation process may force part of the oolemma and cytoplasm through the
first hole in the zona pellucida. This may decrease the efficiency of creation
of uniparental marmoset embryos and is likely to compromise embryo
\iability.

Staining did not affect the ability of marmoset oocytes to undergo fertilization.
N either was the fertilization rate of mouse oocytes, stained w ith similar
concentrations of Hoechst 33342, significantly decreased (Tone and ICato
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1986). This further supports the contention th a t the decreased fertilization
rate of stained m arm oset sperm was not due to effects of the stain on DNA,
but because stained sperm had difficulty in physically penetrating the oocyte
vestments.

Hoechst 33342 and 4',6'-diamidino-2-phenylindole (DAPI) have been used to
observe fluorescent DN A in mouse (Tone and Kato 1986), pig (Critser and
First 1986) and cattle embryos (Critser and First 1986). Embryos are usually
fixed soon after exposure to stain so subsequent embryo viability need not be
taken into consideration. To use fluorescent staining as an identification
system for pronuclei in this study, the marmoset embryos m ust remain viable
after staining and the stain must not effect changes to the epigenetic structure
of the DNA. If the DNA structure was affected the technique would become
inappropriate because it may alter the genomic im printing of the DNA.
Consequently, the intention was to remove the stained pronucleus from the
embryo, leaving the unstained pronucleus to contribute to development.
U nfortunately, no fluorescent pronuclei were visible after fertilization of
marmoset oocytes exposed to Hoechst 33342. The reason for this is unclear.
C ritser and First (1986) have shown th at the pronuclei of both bovine and
porcine embryos, which were stained with Hoechst 33342 after fertilization,
could be observed under ultra-violet light. It has also been demonstrated th at
mouse pronuclei will fluoresce when exposed to Hoechst 33342 (Tone and
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Kato 1986, Critser and First 1986, This Study). However, it is also difficult
to observe fluorescence of hum an pronuclei (K. Hardy, pers. comm.). This
would suggest th at there are distinct species differences in either the
pronuclear structure, the ability of the DNA to incorporate the fluorescent
dye, or the consistency of the cytoplasm which could mask fluorescence. The
latter is unlikely since pronuclei are visible under normal phase contrast
microscopy. Also, it has been dem onstrated here th at marmoset D N A can
incorporate Hoechst 33342 as shown by fluorescence of sperm (Section 4.3.3;
Fig 4.4). Therefore there may be differences between the pronuclear structure
of prim ate embiy^os and other species.

This contention is supported b \

Tesarik and Kopecny (1989) who found, during experiments to assess the
nucleic acid synthesis of the hum an paternal pronucleus, th at DNA s\Tithesis
started later in hum an embryos than in other species. Their conclusion was
th at there are marked interspecies differences in the way in which the egg
cytoplasm affects pronuclear structure and development, and nucleic acid
synthesis. If the patterns of hum an embryonic DNA synthesis are different
from other species it is possible th at hum an pronuclear DNA structure is
different also, and this difference may apply to other primates such as the
m arm oset monkey. The pronuclear DNA structure may affect exhibition of
fluorescence.
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To facilitate fluorescence of marmoset pronuclei, the incubation time or the
concentration of stain could be increased. Previous experiments have shown
that marmoset DNA/chromatin will fluoresce, it is simply n o t observable at the
pronuclear stage. The benefit gained by changing these param eters may be
eclipsed by detrimental toxic effects on fertilization rate and embryo viability.
Tone and Kato (1986) dem onstrated that an increase in the concentration of
H oechst 33342 used for staining mouse sperm from 2.5 Mg/ml to 10 jag/ml
decreased fertilization rate from 76% to 44%, and regardless of concentration,
staining of mouse and porcine embryos led to a decreased rate of development
to blastocyst (Critser and First 1986). Critser and First (1986) noted that
"longer incubation times or altered incubation conditions m ay increase the
frequenc}' of staining but are likely to interfere with development". These
detrimental effects could be caused by a combination of exposure to the stain
and exposure to ultra-violet light, which may induce the production of free
radicals w ithin the embryo (Critser and First 1986).

L uttm er and Longo

(1986) reported th at w ithin a few minutes of ultra-violet exposure the
developm ent of stained sea urchin eggs was arrested. M ore th an 10 seconds
ultra-violet exposure also decreased the percentage of stained m ouse embryos
which developed to blastocyst from 62% to 47% (Tone and Kato 1986).
The results presented in this chapter led to the consideration of alternative
techniques to identify m arm oset pronuclei. These are discussed in detail in
C hapter 7.
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CHAPTER 5

PA R TH EN O G EN ETIC ACTIVA TION OF M A RM O SET OOCYTES
A N D T H E DEVELOPM ENT OF
M A RM O SET PA RTH EN O G EN O N ES I N V IT R O

164

5.1 IN T R O D U C T IO N
Parthenogenetic activation is the induction of oocytes to resume meiosis
w ithout fertilization, and is a simple and effective m ethod of producing
embryos containing only m aternal chromosomes. Various chemical and
environm ental stimuli have been used to activate m urine oocytes. These
include ethanol (Cuthbertson 1983), strontium chloride (O'Neill et al 1991)
and electrical stim ulation (W hittingham 1980). Calcium ionophore A23187
has recently been used to parthenogenetically activate hum an oocytes th a t had
failed to fertilize (W inston et al 1991).

Parthenogenetically activated mouse oocytes, which contain only m aternal
chromosomes, develop to post-implantation stages (Tarkowski 1970, ICaufman
et al 1977). One explanation for the failure of parthenogenetic embryos to
develop to term has been the lack of nutrition at critical stages due to a very
poorly developed extra-embryonic com ponent (Surani and Barton 1983). In
mouse embryos it appears that w ithout a paternal genome, development of the
extra-embr)^onic tissues will not proceed norm ally (Surani et al 1984). This
phenom enon, whereby both parental genomes are required for complete and
norm al embryonic development to term , has been described as genomic
im printing (Section 1.4). Only in the m ouse have the effects of genomic
im printing on mammalian early em bryonic developm ent been extensively
studied (reviewed by Surani et al 1987).
165

A reliable m ethod of activating non-hum an primate oocytes would enable
studies to determine w hether the maternal genome alone can support
development of primate embryos at pre-im plantation stages. After transfer of
parthenogenetic embryos it may be possible to determine the role of the
m aternal genome in primate post-im plantation development.

In this chapter I describe investigations of the rates of activation of m arm oset
oocytes using ethanol, electrical stimulation, calcium ionophore A 23187, and
strontium , and the in vitro development of marmoset parthenogenones.

5.2 MATERIALS AND METHODS

5.2.1 Marmoset oocyte collection
The collection of marmoset oocytes was carried out as described in Section
2.2.4. Some oocytes were exposed to sperm as part of the IVF study (Chapter
2) and the sperm preparation and insem ination procedures are described in
Sections 2.2.6 (ii) and 2.2.8, respectively.

5.2.2 The removal of cumulus cells from marmoset oocytes
Oocytes which had been exposed to spermwere gently pipetted with a flame
polished pasteur pipette which dispersed the cumulus cells from the zona
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pellucida. Oocytes which had not been exposed to sperm were incubated
briefly in 0.1% hyaluronidase (Sigma Chemical Co. Ltd., Poole, Dorset, U.K.)
in M edium 2 (Q uinn et al 1982) and gently pipetted w ith a flame polished
pasteur pipette to remove cumulus cells. After cumulus cell removal it was
possible to visualise the first polar body. W hen a second polar body and
pronuclei could not be seen and there was no cleavage for at least 48 hours
after insemination, oocytes were considered to be unfertilized. Only
unfertilized oocytes which had extruded a first polar body and so were
presum ably in meiotic m etaphase II were used in this study. Cum ulus free
m arm oset oocytes were incubated in MEM supplem ented w ith 10% heat
inactivated marmoset serum in a humidified atm osphere of 5% CO in air, at
2

37 °C, until activation stimulus w^as applied.

5.2.3 Exposure of marmoset oocytes to ethanol
M arm oset oocytes were incubated in 7% ethanol (Absolute alcohol 100,
H aym an Ltd., W itham , U.K.) in phosphate buffered saline (PBS; Life
Technologies, Paisley, Scotland, U.K.) for 5 m inutes at room tem perature
(C uthbertson 1983). Oocytes were washed in and returned to M EM
supplem ented with 10% heat inactivated m armoset serum and incubated at
37 °C in a humidified atmosphere of 5% CO in air. N ineteen oocytes in this
2

treatm ent group had not been exposed to sperm. The rem aining oocytes
(28/47) had been ex^iosed to sperm as part of another study but had failed to
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fertilize as confirmed by absence of a second polar body and pronuclei and
lack of cleavage. Forty oocytes were not exposed to ethanol until at least 3
days after collection (4 days post-hCG). This delay was partly due to the time
taken to be certain that fertilization had not occurred i.e. confirmation that no
cleavage had taken place for at least 48 hours after insem ination. Seven
oocytes were exposed to ethanol 10 hours after collection (34 hours post-hCG)
to determ ine w hether post-m eiotic aging affected the rate of activation.

5 .2 .4 E xposure o f m a rm o se t oocytes to electrical stim u la tio n
Electrical pulses were generated by an Electro Cell M anipulator 200 (BTX Inc.,
San Diego, California, U.S.A.). The pulses were applied to the oocytes in a
cham ber consisting of 2 parallel, stainless steel, 0.5 mm diam eter electrodes
attached to a glass slide, 0.5 m m apart (Part No. 450, BTX Inc., San Diego,
California, U.S.A.). The cham ber was filled with electrofusion medium
(Appendix IV). The oocytes were subjected to either one series of 6 electrical
pulses (DC) or two series of six electrical pulses, 30 minutes apart. Each pulse
was of 2kV/cm and 70 fistc duration.

5.2.5 E xposure o f m a rm o se t oocytes to stro n tiu m ch lo rid e
Oocytes were incubated in 1.7 mM strontium chloride (Sigma Chemical Co.
Ltd., Poole, Dorset, U.K.) in M edium 16 (W hittingham I9 7 I) for I hr at
37°C in an atm osphere of 5% COo in air (O'Neill et al 1991). All six oocytes
168

in this group had been exposed to sperm and had failed to fertilize. These
oocytes were all exposed to strontium chloride five days after collection (6
days post-hCG).

5 .2 .6 E xposure of m arm o se t oocytes to calcium io n o p h o re A 2 3 1 8 7
Calcium ionophore A23187 (Sigma Chemical Co. Ltd., Poole, U.K.) was
prepared

as

a stock

solution

at

a concentration

of 500 /xM

in

dimethylsulphoxide. A working dilution of 5 /xM was prepared in M 2.
W inston et al (1991) showed th at higher rates of activation of hum an oocytes
were achieved if oocytes were cultured in serum-free medium before exposure
to calcium ionophore. For this reason, m armoset oocytes were transferred to
M2 for one hour before incubation with 5/xM calcium ionophore A 23187 in
M2 for 5 minutes at room temperature. All ooc\ies in this group had failed to
fertilize when exposed to marmoset sperm. These oocytes were exposed to
calcium ionophore A23187 five days after collection (6 days post-hCC).

5 .2 .7 C u ltu re of m arm o set oocytes
After activation stimulus was applied all oocytes were washed thoroughly and
cultured in —100 ^1 drops of MEM supplemented with 10% heat inactivated
female m arm oset serum. The drops were overlaid with paraffin oil (Merck,
Lutterw orth, Leics, U.K.) to prevent evaporation. Oocytes were incubated at
37 °C in a humidified atmosphere of 5% COo in air.
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5 .2 .8 A ssessm en t o f p a rth e n o g en e tic a c tiv a tio n o f m a rm o se t oocytes
Oocytes were examined 18-20 hours after treatm ent when oocytes had either
cleaved, formed pronuclei, or failed to activate. Observations of development
in vitro were made daily. Oocytes were left in culture till developmental arrest,

determ ined by lack of cleavage for at least 24 hours.

5 .2 .9 S ta tistica l analyses
The differences in the proportions of oocytes undergoing each type of
activation after either ethanol or electrical exposure were analysed by ANOVA
(CSS; Statistical StatSoft UK, Letchworth, U.K.).

5.3 RESULTS

5.3.1 A ssessm en t of a ctiv atio n a n d d e v e lo p m e n t of m arm o se t oocytes
after ex p o su re to eth a n o l
Of 47 oocytes exposed to ethanol, eight (17%) activated. Three types of
activation were observed. Five (63%) activated oocytes underw ent immediate
cleavage (IC) and had divided to 2 cells w ithin 18 hours of treatm ent; two
oocytes (25%) extruded a second polar body and formed one pronucleus
(2PB, 1PN); one oocyte formed two pronuclei w ithout extruding a second polar
body (1PB,2PN).
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The only oocytes which divided in culture were those which underw ent
immediate cleavage. One of these embryos developed to 16 cells, one to 6 cells,
one to 3 cells and two embryos developed to 2 cells in vitro (Table 5.1).
Overall, the average cell num ber (± S.E) of ethanol activated parthenogenones
was 4.0 ± 1.7.

Oocytes which did activate had undergone treatm ent at least 4 days post-hCG
injection. None of the oocytes which were exposed to ethanol 34 hours posthCG activated.

Of the oocytes which activated when exposed to ethanol, seven had previously
been exposed to sperm but had failed to fertilize. All of these oocytes had been
incubated with sperm which fertilized other oocytes.

5.3.2 Assessment of activation and development of marmoset oocytes
exposed to electrical stimulation
Two of four oocytes (50%) activated when exposed to a single series of six
electrical pulses. One oocyte cleaved immediately (1C) and developed to 6 cells
in culture while the other oocyte formed two pronuclei (2PN, IPB) and
developed to 4 cells in culture.
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TABLE 5.1. The activation and development o( marmoset oocytes exposed to 7% ethanol in phosphate buffered saline for
5 minutes.

At?e at
treatm ent
(posl-h(X'i)

Num ber of
oocytes treated
(lO

i4 hours

to

Num ber of
oocytes
activated ('%, of
n)

Type of activation
[(] (haploid)

1PN,2PB (haploid)

2PN, I PB (diploid)

1 X 1-cell

0 (Ü)

6 days

40

H (20)

2 X 2-cell
1 X 3-cell
1 X 6-cell
1 X 16-cell

2

TOTAL

47

H(17)

5

2

X

1-cell

N inety-tw o percent (68/74) of marmoset oocytes activated after exposure to
two series of six electrical pulses (Table 5.2). T hirty (44%) activated oocytes
extruded a second polar body and formed one pronucleus (1PN,2PB). The
embryos which activated in this way developed to an average (± S.E.) of 3.9
(± 0.3) cells. Thirty-two percent (22/68) of oocytes which activated formed
two pronuclei w ithout extruding a second polar body (2PN,1PB) and
developed to an average of 4.5 (± 0.5) cells. Nine (13%) oocytes underw ent
im m ediate cleavage and developed to an average of 3.9 (± 0.8) cells in culture.
The 7 remaining marmoset oocytes ( 10%) formed a single pronucleus b u t did
not extrude a second polar body (1PN,1PB) and developed to an average of
3.4 (± 0.6) cells (Figs. 5.1 and 5.2). Two oocytes failed to activate and four
oocytes were degenerate 24 hours after treatm ent. Overall, the average cell
num ber (± S.E.) of electrically stim ulated parthenogenones was 4.0 ± 0.3.

The t\"pe of activation (1PN,2PB; 2PN,1PB; 1PN,1PB or IC) made no
significant difference to the extent of developm ent in vitro. There was also no
significant difference between the in vitro development of haploid and diploid
parthenogenones in this treatm ent group.
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a

b
/.A -W

#

FIGURE 5.1 : Marmoset oocyte before (a) and after parthenogenetic
activation, (b) Immediate cleavage, (c) 2PN, IPB. (d) IPN , 2PB. Bar = 25
/xm.
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FIGURE 5.2 : Marmoset parthenogenones at the (a) 4-cell and (b) 12-cell
stage. Bar = 25 ixm.
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ABLE S.2 rhc aciivaiion and development of marmoset ooeytes exposed to two series o f six electrical pulses.

On

Num ber of oocytes
treated (n)

N um ber of oocytes
activated (% of n)

Tyjie of activation
IC (haploid)

1PN,2PB
(haploid)

2PN,1PB
(diploid)

1PN,1PB
(diploid)

74

68 (92)

4 X 2-cell
1 X 3-cell
2 X 4-cell
2 X 8-cell

2 X 1-cell
6 X 2-cell
5 X 3-cell
9 X 4-cell
1 X 5 -cell
4 X 6-cell
1 X 7-cell
2 X 8-cell

5 X 2 -cell
6 X 3 -cell
3 X 4-cell
I X 5 -cell
1 X 6-cell
6 X 8-cell

3 X 2-cell
3 X 4-cell
1 X 6-cell

NUM BER OF OOCYTES ACTIVATED (% of n)

9(12)

30 (41)

22 (30)

AVERAGE CELL NUM BER (± SEM)

3.9 (± 0.8)

3.9 (± 0 .3 )

4.5 (± 0 .5 )

3.4 (± 0.6)

TABLE 5.3 Parthenogenetic activation rates of marmoset oocytes using five different treatments.

Number of oocytes

N um ber of oocytes

treated

activated

Strontium Chloride (1.7 mM)

6

0

0

Calcium lonophore (5 /laM)

7

0

0

47

8

17'

Electrical current (6 pulses)

4

2

50^

Electrical current (2 x 6 pulses)

74

68

92"

Treatm ent

Ethanol (7 %)

c: significantly higher than a (p<().()01 ) and b (j'X ().()! )

'-j

Activation rate %

5 .3 .3 A ssessm en t o f m a rm o se t oocytes follow ing s tr o n tiu m chloride
ex p osu re
No m arm oset oocytes exposed to strontium chloride 6 days post-hCG
activated (Table 5.3).

5 .3 .4 A ssessm en t o f m a rm o se t oocytes follow ing e x p o su re to calcium
io n o p h o re A 23 1 8 7
No marmoset oocytes exposed to calcium ionophore A 23187 6 days post-hCG
activated (Table 5.3).

5 .3 .5 C o m p ariso n o f th e activ a tio n a n d d e v e lo p m e n t o f e th a n o l an d
electrically stim u la te d m a rm o se t p a rth en o g en o n es
M ost ethanol activated oocytes underwent immediate cleavage (5/8, 63%).
However, m ost of the oocytes which activated after electrical stimulation
extruded a second polar body and formed one pronucleus (30/68, 44%). There
was no significant difference between the in vitro developm ent of ethanol
stim ulated and electrically stim ulated parthenogenones which reached an
average (± S.E.) of 4.0 ± 1 . 7 and 4.0 ± 0.3 cells, respectively.

5 .4 D IS C U S S IO N
This study has shown th a t marmoset oocytes can be parthenogenetically
activated by electrical stim ulation or ethanol treatm ent. N inety-tw o percent
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of marmoset oocytes were activated by exposure to multiple electrical pulses.
Oocytes from other species have been activated by electrical pulses and 100%
of rabbit oocytes have been activated after exposure to repetitive electrical
pulses (Ozil 1990). The mechanism by which electrical stim ulation causes
parthenogenetic activation is not known. Electrical pulses may cause calcium
channels in the plasma membrane to open which would allow an influx of Ca^^
ions into the oocyte (reviewed by Rasmussen, 1989). It has been shown that
increases in the level of intracellular free calcium are associated w ith mouse
oocyte activation (Cuthbertson et al 1981). Ozil (1990) suggests that
activation is caused by an association of calcium ions with inositol 1,4,5triphosphate which leads to a release of Ca^^ ions from intracellular stores.
Oocytes are held in meiotic arrest bv the presence of cytostatic factor (CSF;
M urray and ICirschner 1989). CSF prevents degradation of cyclin (ICarsenti et
al 1987), the protein responsible for maintaining the activity of m aturation
promoting factor (MPF). Active MPF prevents the cell cycle from progressing
past the m etaphase stage (M urray et al 1989). Increased concentrations of
calcium ions w ithin the oocvte lead to the breakdown of CSF by calpain 11
(W atanabe et al 1989), allowing c}Tlin to be broken down, MPF to become
inactive and subsequent mitosis of the activated oocyte. An increase in the
concentration of calcium ions within the oocyte is presumably involved in the
activation of mammalian oocytes, whether the ions are released from
intracellular stores or flow into the oocvte through electroporated membranes.
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H um an ooc)tes can be activated by ethanol and calcium ionophore A23187
at rates of 16% and 50-60%, respectively (W inston et al 1991). I have shown
th at ethanol can activate marmoset oocytes at similar rates (17%) to hum an
oocytes b ut only when marmoset oocytes are aged for at least 4 days post-hCG
injection. N o activation, however, was achieved by treating aged m arm oset
oocytes w ith calcium ionophore A23187 or strontium chloride. W inston et al
(1991) found that, to achieve high rates of activation, hum an oocytes required
a period of incubation in serum-free m edium before exposure to calcium
ionophore. Marmoset oocytes may require longer pre-incubation in serum-free
m edium before calcium ionophore exposure. It is difficult to explain why
strontium exposure did not activate m arm oset oocytes as strontium , like
ethanol, is believed to induce activation by increasing intracellular free calcium
levels (O'Neill et al 1991). Only seven m arm oset oocytes were exposed to
strontium and, had more oocytes been available for this part of the study, a
response m ay have become e\ddent. M ore experimental m aterial would also
have provided the opportunity to expose oocytes to strontium chloride at
various tim es after hCG.

H um an oocytes activated with calcium ionophore developed to an average of
4 cells and reached a maximum of 8 cells in vitro (W inston et al). M arm oset
parthenogenones activated with either ethanol or electrical stim ulation also
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reached an average of 4 cells in culture and one parthenogenone developed to
16 cells. This would suggest that the preimplantation developmental potential
of hum an and marmoset parthenogenones in vitro is similar and does not
depend solely on the type of activation stim ulus used.

M annoset oocytes underwent four different types of activation. These were the
form ation of two pronuclei w ithout extrusion of a second polar body (2PN,
IPB); extrusion of a second polar body and formation of one pronucleus ( IPN ,
2 PB); form ation of one pronucleus w ithout the extrusion of a second polar
body (IP N , IPB); and immediate cleavage (IC). The types of activation
observed are similar to those reported for the mouse (ICaufman 1983). The
difference in the proportion of oocyaes which underwent each t)^ e of
activation after ethanol exposure or electrical stimulation may have depended
on the ages of the oocytes as well as the treatm ent. Ethanol activated oocytes
were at least 2 days older than those treated with electrical current. W ebb et
al (1986) reported differences in the types of activation for mouse oocytes of
different ages. W hen treated with ethanol, fresher oocytes (16-20 hours posthCG) more often underwent 1PN,2PB activation and as the oocytes aged (25
hours post-hCG) the incidence of IC increased, until 32-36 hours post-hCG
when activated oocytes formed one pronucleus without extrusion of a second
polar body (W ebb et al 1986). The high incidence of immediate cleavage in
aged oocMes has been explained by Szollosi (1971) who observed that the
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m eiotic spindle migrates to the centre of mouse oocytes during the aging
process. Although the marmoset oocytes used in this study had been aged for
at least 48 hours post-hCG and for up to six days before treatm en t there was
no overt sign of degeneration or fragmentation. It m ay be th a t m arm oset
oocytes tolerate long term in vitro culture, and th at the changes in the type of
parthenogenetic activation that are seen in in vivo mouse oocytes over 36 hours
(W ebb et al 1986) also occur in marmoset oocytes but over a longer time span.
This effect may be related to the length of the cell cycle in pre-im plantation
stages; marmoset embryos take four days to reach the eight cell stage (Harlow
1984), the same length of time taken for mouse embryos to reach blastocyst
(McLaren 1982).

Aging of oocytes in vitro may also explain why some oocytes had failed to
fertilize when exposed to sperm but were capable of activation. Sperm were
not incapable of fertilization in all cases as some oocytes in the same cohorts
fertilized. It has now been demonstrated in mouse (Collas et al 1989) and
rabbit (Collas and Robl 1990) oocytes th at extended aging in vitro increases
the rate of activation w hen electrical stimulus is used. Therefore, although
these m arm oset oocytes were incapable of fertilization 10 hours after
collection, the extra time in culture may have promoted nuclear or cytoplasmic
events which facilitated parthenogenetic activation.
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There was no significant difference between the in vitro developm ent of
electrically stimulated haploid and diploid parthenogenones which develop to
an average of 4 and 5 cells, respectively. This differs from the mouse where
half of the haploid parthenogenones only undergo one cleavage division b u t
about 90% of diploid parthenogenones reach the blastocyst stage (Howlett
1988). However, in m armosets, even normal embryos with both parental
genomes develop poorly in vitro (W ilton et al 1993, C hapter 2, this Thesis).
In vitro fertilized m arm oset embryos only develop to an average of 8 cells in

culture, probably due to a culture system which lacks the correct nutritional
requirements for this species (W ilton et al 1993, C hapter 2). Any differences
in the development of haploid and diploid marmoset parthenogenones might
not manifest themselves until later in development.

This study has showm th at marmoset oocytes can be parthenogenetically
activated by electrical stim ulation and by ethanol treatm ent. Activation of
92% of marmoset oocytes can be achieved using multiple electrical pulses. This
is the highest reported rate of activation of primate oocytes. The development
of a reliable m ethod of parthenogenetic activation of prim ate ooc)t:es lays the
foundation for embryo transfer to determine the extent of parthenogenetic
developm ent in vivo, and assessment of the role of the parental genomes in
prim ate embryonic development.
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CHAPTER 6

THE DEVELOPMENT OF
MARMOSET PARTHENOGENONES I N

V IV O
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6.1 IN T R O D U C T IO N

The type of im plantation observed in prim ate species varies between
interstitial, or highly invasive penetration of the embryo into the uterine
strom a (as seen in humans, reviewed by Johnson and Everitt 1980) and
superficial im plantation seen in m any other non-hum an prim ate species
including baboons, rhesus monkeys and m arm oset monkeys (M oore et al
1985). Timing of im plantation also varies widely from 6-7 days after ovulation
in hum ans (Hertig et al 1956), to 11-12 days after ovulation in m armoset
monkeys (Moore et al 1985). A common feature in primate placentation is the
fonnation of a haemo-chorial placental interface, irrespective of the degree of
trophoblast invasion. This type of placentation is not observed in common
laboratory species and therefore it is difficult to extrapolate findings related to
mouse im plantation, for example, to those in the human.

Early stages of implantation in the m annoset monkey have been described bv
M oore et al (1985). Syncytial trophoblast adjacent to the embryonic pole
begins to penetrate the uterine endom etrium 13-16 days after ovulation, 1-3
days after initial attachm ent. By 16 days after ovulation, there is lateral
invasion

of the

trophoblast

into

the

endom etrial

epithelium,

and

syncytiotrophoblast is adjacent to the m aternal capillaries. Syncytium also
starts migrating into the stromal tissue. Embrx onic development by day 16
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includes the form ation of the amniotic cavity and proliferation of the
extraembryonic ectoderm, but the parietal yolk sac has not yet formed.
Nineteen days after ovulation, there is a decidual response in the stromal cells.
The trophoblast of the embryos covers the dorsal and ventral surfaces of the
endometrium , and the embryonic disc and yolk sac has formed. Twenty-three
days after ovulation, embryos are only at a slightly more advanced stage than
embryos observed after 19 days. The amnion is considerably larger and there
is more extensive proliferation of the trophoblast. The syncytiotrophoblast is
still quite superficial, cytotrophoblast cells are obvious and there is much more
interaction with the m aternal blood system as well as form ation of new
capillaries. At this stage, a decidual reaction can still be seen in the stroma. By
day 29 M oore et al (1985) observed that the embryos had a well developed
yolk sac and a trilaminar embryonic disc. There was also a ridge of "redundant
trophoblast tissue" on the surface of the endom etrium (M oore et al 1985).
Thirty-one days after ovulation the maternal blood vessels are surrounded by
syncytiotrophoblast and the cytotrophoblast has extended further into the
syncytiotrophoblast. A discontinuous basal lamina surrounds the primitive
fetal blood vessels which have now differentiated. No inform ation is available
regarding the period between Days 31 and 45 of gestation in the marmoset.
By Day 45, the mesoderm furhter extends into the cytotrophoblast and
nucleated erythroblast can be found in the fetal blood vessels. The maternal
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blood vessels are still intact and the basal laminae are disorganised and starting
to degrade.

Since normal marmoset embryos fertilized in vitro often show poor
developm ent in culture (Chapter 2, W ilton et al 1993), it is difficult to
determine whether the poor development of marmoset parthenogenones is due
to the absence of the paternal genome or simply reflects inappropriate culture
conditions. In contrast, normal in vitro fertilized m arm oset embryos develop
well after transfer and up to 100% of embryos reach term (Chapter 2,
Summers et al 1987). This suggests that m anipulation of marmoset oocyaes in
vitro need not compromise subsequent development if optim al conditions are

provided. For this reason, useful information about the role of the parental
genomes in early marmoset development is more likely to be provided by
m onitoring the development of parthenogenetic embryos after transfer to
recipient females.

The investigation of mammalian parthenogenetic development beyond
im plantation is limited to only a few species; mice (Tarkowski 1970, Kaufman
et al 1977, Surani and Barton 1983), rabbits (Ozil 1990) and cattle (Boediono
and Suzuki 1994).
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M urine parthenogenones develop poorly after transfer to synchronised
recipients, and generally die at about 10 days of gestation, before reaching the
25-somite stage (Tarkowski 1970, ICaufman et al 1977, Surani and Barton
1983). These parthenogenones are retarded in their development compared to
control embryos and develop very sparse extra-embryonic tissues (Surani and
Barton 1983). It has been proposed th at one of the reasons for the failure of
murine parthenogenones to reach term was because o f the poor development
of extra-em bryonic tissues, which dim inished the supply of nutrients to the
developing em biyo (Surani et al 1987). Similarly, rabbit parthenogenones
transferred to recipient females did not develop beyond the 30-somite stage
and all parthenogenetic fetuses died by the twelfth day of gestation (Ozil
1990). Interestingly however, although rabbit parthenogenones were severely
retarded compared to control embrv'os, the developm ent of the extraembryonic tissues was proportional to the development of the fetal component
(Ozil 1990). It appears that the failure of rabbit parthenogenones was not due
to

an

under-developed

extra-embryonic

com ponent.

Three

bovine

parthenogenones survived to days 57, 62 and 67 of gestation, but the
morphology of the conceptuses was not determ ined (Boediono and Suzuki
1994).

CG has long been accepted as the major luteotrophic factor produced by the
embryo in the early stages of pregnancy in primates (reviewed by W ebley and
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H earn 1994). CG can first be detected in the peripheral plasma of pregnant
m arm osets within 14-18 days after ovulation which is about 3-4 days after
im plantation (Chambers and H eam 1979, Hearn et al 1988). CG is produced
by the trophoblast cells of the developing embryo at the blastocyst stage, and
subsequently by the syncytiotrophoblast after attachm ent and im plantation
(Johnson and Everitt 1980). CG has two sub-units, a and p. Biological
activity is dependent on the P sub-unit, but the dimer (or com bination of the
two sub-units) is needed for maximum biological response (Webley and Heam
1994). Both active and passive im m unization against the

psub-unit

of CG

during pregnancy in the marmoset will induce abortion w ithin 6 days and 4
weeks, respectively (reviewed by Hearn 1979). This would suggest th a t CG is
required for m aintenance of the corpus luteum and hence m aintenance of
pregnanc}\

Immunoreactive inhibin (ir-inhibin) is produced by the luteal cells of the
m arm oset ovary (Webley et al 1991b). Levels of ir-inhibin in the peripheral
plasma of mamioset monkeys have been shown to rise significantly higher in
conception c}^cles than non-conception cycles by day 8 after ovulation
(Webley et al 1991b). This is before the detection of CG and 3-4 days before
im plantation.
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The aim of this study was to transfer marmoset parthenogenetic embryos to
synchronised recipient females and to determine the m orphology of
parthenogenetic marmoset embryos in vivo. Pregnancy was m onitored using
levels of progesterone, chorionic gonadotrophin (CG) and im m unoreactive
inhibin (ir-inhibin) in the peripheral plasma. Progesterone is produced by the
corpus luteum (CL) during the luteal stage of the cycle of all prim ates and
continues to be produced by the CL throughout the early stages of pregnancy
in the marmoset (Hearn 1983).

It would be im portant to determ ine how long a parthenogenetic pregnanc\'
might be maintained in a primate, but, assuming that the conceptus would be
lost at some stage, no morphological observations about the developing
parthenogenetic conceptus would be obtained. For this reason, animals which
were considered pregnant 33 days after ovulation were sacrificed. The uteri
were collected for sectioning and histological examination.

6.2 MATERIALS AN D M E T H O D S

6.2.1 P a rth en o g en etic a ctiv a tio n of m arm o set oocytes
Parthenogenetic activation of m arm oset oocytes was carried out as described
in Section 5.2.4 and marmoset parthenogenones were cultured to the 4-cell
stage as described in Section 2.2.10. Only diploid parthenogenetic embrvos,
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either 2PN ,1PB or IPN ,IPB , were transferred to the uteri of synchronised
recipient marmosets,

6 .2 .2 T ra n sfe r o f p arth e n o g en e tic m a rm o se t em bryos to rec ip ie n t
m arm o se ts
Parthenogenetic

embryos were transferred at

the

four-cell stage to

synchronised recipient female marmosets (n=3). Recipients were synchronised
as described in Section 2.2.11 (ii)a), and embryo transfers were carried out as
described in Section 2.2.11 (ii)b). Two normal in vitro fertilized embryos were
transferred to recipient females (n= 2) as controls. Due to the small num ber
of animals available, it was not possible to carry out sham transfers to control
for the effects of the transfer procedure w ithout the presence of an embryo.

6.2 .3 M o n ito rin g of recipient fem ale m a rm o se ts a fte r em bryo tra n sfe r
6.2.3 (i) Blood sampling of recipient marmosets
Approxim ately 0.5 ml of blood was taken from the femoral vein of recipient
female m arm osets 2-3 times per week. The animal was held in a specially
designed restraining device, and blood was withdrawn, from the femoral vein,
with a 25 gauge needle attached to a heparinised 1 ml syringe. After blood
sampling, the animals received 0.5 ml of iron syrup (Fersamal; Centaur, Castle
Cary, Somerset, U.K.) orally, as a reward. The blood sample was centrifuged
in the syringe casing at —2500 r.p.m. for 10 m inutes. Plasma was aspirated
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using a glass pasteur pipette and placed in plastic tubes (Philip Harris
Scientific, London, U.K). The plasma samples were stored frozen at -2 0 °C.

6.2.3 (ii) Progesterone assay
Progesterone levels in the peripheral plasma of recipient females were
m onitored by enzyme-linked imm unosorbent assay (ELISA), developed for
marmoset monkeys (Hodges et al 1988). Progesterone ELIS As were carried out
weekly. The day of ovulation (E)ay 0) was determ ined as the day before
progesterone levels rose above 10 ng/ml (Harlow et al 1983). Progesterone
levels could be expected to remain high (above 50 ng/ml) throughout the luteal
phase (18-19 days post-ovulation; Heam 1983). High progesterone levels after
Day 18-19 would normally indicate the establishm ent of pregnancy (Hearn
1983).

6.2.3 (iii) Luteinizing homtone/chorionic gonadotrophin bioassay
C horionic gonadotrophin in the peripheral plasma was measured by mouse
Leydig cell bioassay (Van Damme et al 1974, H earn et al 1988). Briefly,
m arm oset plasma is incubated with mouse

Leydig cells. Chorionic

gonadotrophin (CG) and/or luteinizing hormone (LH) stimulates Leydig cells
to produce a quantity of testosterone proportional to the am ount of CG/LH
in the sample. By measuring the level of testosterone by radioimmunoassay,
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after co-incubation, the level of LH/CG in the peripheral plasma can be
deduced.

The level of CG was expected to rise sharply around the day of ovulation due
to the adm inistration of exogenous hum an CG (hCG), used to synchronise
recipient animals. Levels of CG would then drop to baseline levels (< 20
m lU /m l), and remain low if a pregnancy was not established (H eam et al
1988). If a pregnancy was established CG should be detected in the peripheral
plasm a from around Day 13-14 (30 m lU/m l) and would continue to rise to
levels of 1000 mlU/ml by day 60 of gestation (Hearn et al 1988). After day
60, CG levels begin to fall (Hearn et al 1988).

6.2.3 (iv) Inhibin assay
The concentration of ir-inhibin in the peripheral plasma of recipient
m arm osets was measured by Dr. P. G. Knight, D epartm ent of Biochemistry
and Physiology, University of Reading. The assay was carried out as described
by W ebley et al (1991b), with some modifications. Briefly, levels of ir-inhibin
were measured by radioimmunoassay (RIA), using antiserum to the N-terminal
sequence of the a subunit of hum an inhibin, raised in sheep. In the original
protocol, the tracer was monomeric inhibin a subunit. For this study the 32
kilodalton dimer of inhibin was used as the tracer.
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6 .2 .4 Sacrifice of recipient female marmosets
Recipients which had high (> 50 ng/ml) progesterone until at least Day 26
(controls) or Day 33 (recipients of parthenogenetic embryos) were considered
to be pregnant and these animals were sacrificed on Day 26 or 33 of
pregnancy, respectively. The females were anaesthetized with 1 ml of Saffan
(~ 2.5 ml/kg body weight; Centaur, Castle Cary, Somerset, U.K.) administered
by intram uscular injection. Once under general anaesthesia, the peritoneum
and thoracic cavity were opened. The ovaries were inspected for the presence
of corpora lutea (CL). A 21 gauge butterfly catheter (Centaur, Castle C ar\\
Som erset, U.K.), which was connected to a 50 ml syringe, was inserted into
the left ventricle of the heart and held in place with artery forceps. The vena
cava was cut posterior to the renal veins. The animal was perfused with
heparinised (1,000 iu/ml) phosphate buffered saline (200 ml; PBS; Merck,
Lutterw orth, Leics, U.K.), delivered through the catheter. W hen most of the
blood had been replaced by heparinised PBS, 200 ml 2.5 % glutaraldehyde was
delivered through the same catheter. After fixation of the animal, the uterus
was dissected and stored in 2.5 % glutaraldehyde until it could be sectioned.

6 .2 .5 Sectioning and staining o f m arm oset uteri
Sectioning of marmoset uteri was carried out by the D epartm ent of
Histopathology at the Royal Free Hospital School of Medicine (London).
Three micron thick paraffin wax sections were cut (Fig. 6.1) and every fifth
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Figure 6.1 : Diagram o f marmoset uterus and the direction o f
sections cut for histological analysis (A-B).
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section was m ounted on a glass slide and stained with haematoxylin and eosin
(H & E). Sections were inspected under bright field microscopy and relevant
sections were photographed.

6.3 RESULTS
6.3.1

Endocrine profiles of recipient m arm osets after transfer of

biparental in vitro fertilized marmoset embryos
6.3.1 (i) Progesterone
The levels of progesterone in the peripheral plasma of both recipient animals
(345W and 457W) rose steadily until about 10-12 days after o\ailation when
levels started to plateau at about 100-120 ng^ml (Fig. 6.2 and 6.3).
Progesterone levels remained high until day 26 when the animals were
sacrificed.

6.3.1 (ii) Chorionic gonadotrophin
Levels of CG rose around the day of o\oilation (Day 0), due to the
adm inistration of exogenous hCG used to synchronise the recipient animals
(Fig. 6.2 and 6.3). CG levels then dropped to baseline levels (<40 miu/ml) by
Day 10-12. By Day 16-18 CG levels were beginning to rise and reached levels
of at least 100 miu/ml before dropping again to about 80 miu/ml when the
animals were sacrificed (Fig. 6,2 and 6.3).
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FIGURE 6.2 : Progesterone and chorionic gonadotrophin profile
o f marmoset (345W ) after transfer o f a normal embryo
at the 4-cell stage.
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6 .3 .2 Endocrine profiles of recipient m arm osets after transfer o f
parthenogenetic embryos
6 .3 .2 (i) Progesterone
Progesterone levels rose to over 10 ng/ml on Day 1 after ovulation. In one
recipient animal (323W ), levels of progesterone in the peripheral plasma rose
steadily until D ay 6 after ovulation (Fig. 6.4). Progesterone levels plateaued
at 70-100 ng/ml until about Day 15 after ovulation, w hen they started to drop,
and were back to baseline (follicular phase levels) by Day 22 after ovulation.
On the basis of the progesterone profile, this animal (323W ) was considered
non-pregnant. In the other two recipient animals (469W and 4 9 IW ), a quite
different profile occurred (Fig 6.5 and 6.6). Progesterone levels rose to about
120 ng/ml by Day 13-16, and remained above 60 ng/ml until Day 33. These
two animals were considered pregnant due to the m aintenance of high levels
of progesterone for almost twice the length of a norm al luteal phase and were
killed on Day 33. The maintenance of high progesterone levels for 33 days
after ovulation would suggest that the corpus luteum (CL) was maintained up
to Day 33. This was confirmed \isually when the recipient marmosets were
lulled.
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6 .3 .2 (ii) C h o rio n ic g o n a d o tro p h in
CG levels in the animal considered non-pregnant by the progesterone profile
(323W ) dropped to baseline levels (below 30 m lU /m l) by Day 12 and
rem ained low until a second peak was recorded on D ay 30 (Fig. 6.4). As the
bioassay measures both CG and LH, the second peak coincided with the
expected endogenous LH surge before the next ovulation. The animals
considered pregnant by progesterone levels (469W and 4 9 IW ), showed a peak
of CG/LH around the day of ovulation, which corresponded to the
adm inistration of exogenous hCG (Fig. 6.5 and 6.6). However, by Day 4 after
o\oilation, CG/LH levels dropped to baseline and rem ained low until Day 33
(Fig. 6.5 and 6.6). Baseline levels of CG would norm ally indicate a non
pregnant animal, since CG is initially produced by the embryo (reviewed by
W ebley and Hearn 1994) and can be used as an early indicator of pregnancy.
Because the progesterone profiles and CG profiles for these two animals did
not seem to correlate ir-inhibin was measured in addition to determine the
status of recipient animals (Section 6.1).

6 .3 .3

In h ib in

levels

in

anim als

receiving

e ith e r

n o rm al

or

p a rth e n o g e n e tic em bryos
Previous studies, using multiple students' t tests to compare between ir-inhibin
levels at specific tim e points, have shown that a significant difference between
conception and non-conception cycles can be detected from Day 8/9 after
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o\oilation (Webley et ai 1991b). Another method of analysing changes in data
levels over time is to measure the area under the curve (AUC). The AUC
provides a single measure for each set of data and is more appropriate for the
analysis of this data because of the small num ber of animals involved. A
comparison was made of the AUC for one non-pregnant animal (323W ), two
normal pregnancies (345W and 467W ), and the two animals which received
parthenogenetic embryos (469W and 4 9 IW ) (Fig. 6.8). Ir-inhibin levels
during the first 26 days after transfer were 52 % and 120 % higher in the
peripheral plasma of animals which received parthenogenetic embryos than
both the normal pregnancies and the non-pregnant animal, respectively (Fig.
6.8). Ir-inhibin levels in the peripheral plasma of normal pregnant animals was
—45 % higher than the non-pregnant animal (Fig. 6.8).

6 .3 .4

H istological

evidence

for

im p la n ta tio n

of

n o rm al

and

p a rth e n o g e n e tic em bryos
6 .3 .4 (i) H istology of uteri of recipient fem ale m arm osets w hich recieved
n o rm al em bryos
T he morphology of the normal embryos at early im plantation stages after
transfer to recipient females was similar to that described previously (M oore
et al 1985). Placental membrane (cytotrophoblast) displayed extensive but
superficial attachm ent to the luminal surface of the endometrial epithelium ,
covering almost the entire uterine lumen. A t\^ical cross-section of the uterus
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of the pregnant females 26 days after ovulation is shown in Figure 6.9. The
chorionic m em brane is attached to the luminal endom etrium and the
developing fetus (with amniotic sac) is clearly visible. For comparison, the
uterine lumen of a non-pregnant female in the luteal stage of the cycle is
shown in Figure 6.10. At higher magnification, the invasion of the
syncytiotrophoblast into the stromal tissue of the endom etrium can be seen
as 'finger-like' projections of tissue displaying m ultinucleated cells typical of
syncytium. This cell layer surrounds the blood vessels underlying the apical
endom etrial epithelium which has undergone a typical hypertrophy and
proliferative response (Fig. 6.11). By comparison, the apical endom etrium of
a non-pregnant marmoset shows no hypertrophy of blood vessels and the
endometrium is of regular appearance (Fig. 6.12). The decidual reaction in the
marmoset m onkey is minor compared to th at of other primates (Moore et al
1985), so the lack of a decidual reaction seen in Figure 6.11 is not necessarily
an indication of a non-pregnant animal.

6.3.4 (ii) H istology of uteri of recipient fem ale m arm o sets w hich received
p a rth e n o g e n e tic em bryos
In the two females which displayed biochemical evidence of pregnancy (469W
and 49 IW ; Section 6.3.2), there was also histological evidence of im plantation
although in both cases the morphology was distinct from th at of pregnant
females which received normal embryos. In cross-sections of the uterus of
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FIGURE 6.9 : Cross section of the uterine lumen and epithelium of a
marmoset on Day 26 of pregnancy (normal embryo). The fetal disc and yolk
sac is present (arrowed). The chorionic membrane is attached to the
endometrium

on

the

embryonic

and

ad-embryonic

face

(*).

Syncytiotrophoblast has invaded the apical region of the endometrium and
new blood vessels have formed. Haematoxylin and eosin, x 140.
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FIGURE 6.10 : Cross section of the uterine lumen of a non-pregnant
marmoset. Note the regular appearance of the endometrial epithelium.
Haematoxylin and eosin, x 140.
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\

FIGURE 6.11 : Cross section of the apical implantation site of a normal
embryo on Day 26 of pregnancy. The characteristic chorionic membrane
(arrowed) is present on the apical surface of the endometrium while "fingers"
of syncytiotrophoblast (*) have invaded the endometrial stroma and
surrounded the underlying blood vessels. The latter have undergone a typical
hypertrophy and proliferative response. Interstitial stromal cells are present
basally( + ). Haematoxylin and eosin, x 420.
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-A

FIGURE 6 .1 2 : Cross section of the apical endometrium of a non-pregnant
marmoset. Note the relative lack of blood vessels and the regular appearance
of the epithelium. Haematoxylin and eosin, x 420.
211

\

\

FIGURE 6.13 : Cross section of the uterine epithelium of a marmoset (49 IW )
on Day 33 post-ovulation after receiving a parthenogenetic embryo. An
implantation site is present on one face of the endometrium although there is
no fetus present and only remnants of placental membranes within the lumen.
Presumptive syncytiotrophoblast has invaded the stroma (*) and blood vessels
have proliferated at the implantation site (arrow). Haematoxylin and eosin,
x240.
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FIGURE 6.14 : Cross section of the implantation site (Fig 6.13) at higher
magnification. Degenerative membrane is present at the luminal surface of the
endometrium (arrowed). "Fingers" of syncytiotrophoblast (*) have invaded the
stroma and surrounded the blood vessels underlying the epithelium. Interstitial
stromal tissue is present basally ( + ). Note the similarity to Figure 6.11.
Haematoxylin and eosin, x 420.
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FIGURE 6.15 : Cross section of part of the implantation site of marmoset
469W on Day 33 post-ovulation after receiving a parthenogenetic embryo, at
high magnification. Sloughed cells, possibly of placental tissue, are present in
the lumen and on the apical endometrial endothelium which has a
disorganised appearance. Syncytial cells are present in the stroma. Blood
vessels are present but have collapsed (*). Haematoxylin and eosin, x 420.
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female 4 9 1 W a plaque of tissue was observed near the apical surface of the
endom etrium and presumptive synciotrophoblast is surrounding blood vessels
underlying the epithelium (Fig. 6.13). At higher magnification, syncytial tissue
in the stroma, similar to th at seen in the normal pregnant animals, was
observed. Although rem nants of membranes were present on the surface of the
endom etrium (Fig. 6.14, arrow) a definite membrane could not be determined.
There was no discernible fetal tissue. Cross-sections of the uterus of female
4 6 9 W also exhibited a plaque of putative trophectoderm (Fig. 6.15) and a
more distinct decidual reaction. Epithelium in the vicinity of the plaque was
disorganised, but neither placental membranes nor fetal tissue were observ^ed.
S\Ticytium could be seen underlying the endometrial epithelium and this also
had very similar histology to th at seen in normal pregnant animals.

6.4 D IS C U S SIO N
This chapter describes the endocrine response of recipient females to the
transfer of either normal or parthenogenetic m armoset embryos, and the
subsequent development of these embryos in vivo.

Histological analysis of recipient uteri showing invasion of syncytium into the
strom al

tissue

of the

endothelium

indicated

th at

im plantation

of

parthenogenetic m armoset embryos occurred. Two of three parthenogenetic
embryos transferred to recipient females developed beyond pre-im plantation
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stages. Post-im plantation development of parthenogenetic marmoset fetuses
appeared to be minimal. Only remnants of membranous material were present
in the uterine lumen 33 days after ovulation. However, these remnants and the
extent of syncytiotrophoblast invasion into the uterine strom a indicate th at a
developing conceptus was present for at least some time after implantation. At
w hat stage embryonic loss occurred is difficult to determ ine purely from the
extent of syncytial invasion because it is possible th at this invasion continued
after loss of the embryo proper. To find out more about the extent and
morphology of parthenogenetic development in marmosets after implantation,
it would be necessary to sacrifice recipient animals at a series of earlier stages
of gestation.

For m arm oset parthenogenetic embryos transferred to recipient animals, the
endocrine and histological results described in this chapter appear to be
contradictory. In m arm osets pregnant with normal embryos, CG from the
em bryo provides a luteotrophic action, inducing increased levels of luteal
progesterone. Inhibin levels rise significantly higher than in non-pregnant
animals by day

8

of gestation, and histological investigation shows

developm ent of a fetus and extensive proliferation of the extra-embryonic
membranes. However, the results accumulated for the endocrine response of
recipient marmosets receiving parthenogenetic embryos do not strictly follow
this pattern. Although progesterone and inhibin levels were maintained at high
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levels, suggesting continued luteotrophic support, the major luteotrophin
provided by th e embryo, CG, remained at baseline (non-pregnant) levels.
Despite these low levels of CG, parthenogenetic embryos still im planted as
determ ined by the histological evidence.

It is possible th at enough CG was produced by m arm oset parthenogenones to
reach the ovary and cause a luteotrophic effect, b u t th a t CG was not produced
in sufficiently high quantities to be measurable in the peripheral circulation.
W ebley et al (1989) have shown th at marmoset luteal cells are exposed to an
unloiowTi luteotrophin 2 days after im plantation. This is before CG is
measurable in the peripheral circulation. These workers propose th at the CL
may be able to respond to extremely small am ounts of CG, but do not rule out
the possiblity th at the CL has been m aintained by some other luteotrophic or
anti-luteolytic factor whilst CG builds up to high enough concentrations to
provide luteotrophic support (W ebley et al 1989). The latter possibility is
supported by evidence from inhibin studies in m armosets. In contrast to the
production of inhibin by the embryo in hum ans, inhibin is thought to be
produced by th e CL in marmosets (W ebley and H earn 1994). In m armoset
monkeys there is a significant increase in inhibin production by day

8

after

o w la tio n in conception cycles compared to non-conception cycles. The
production of CG by marmoset embryos is undetectable both in vitro and in
vivo at this early stage of development (Webley et al 1991b). It is possible that
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another unknown factor is produced by the embryo at pre-im plantation stages
w hich causes this significant rise in irihibin levels.

Alternatively, CG may not be produced by parthenogenetic embryos at all. In
th e face of very strong evidence th at CG is required to prevent luteolysis to
enable im plantation and post-im plantation embryonic development in
prim ates (reviewed by W ebley and H eam 1994), could the CL be m aintained
in the apparent absence of chorionic gonadotrophin from the embryo? If so,
th en there m ust then be some other factor produced by the embryo which
causes a luteotrophic effect. There have been some suggestions for other
"maternal recognition" factors such as early pregnancy factor (M orton et al
1977), platelet-activating factor (O'Neill 1985) and histamine releasing factor
(Cocchiara et al 1987). Further investigation would be necessary to detennine
w hether any of these factors are playing a role in the luteotrophic support of
m arm oset embryos.

W h y w ouldn't marmoset parthenogenetic embiy^os produce CG? In hum ans
the p-subunit of CG is situated on chrom osome 19 (Solomon and Rawlings
1991), an area syntenic to the distal part of mouse chromosome 7 (Hall 1990),
which has some areas known to be im printed (Cattanach 1986). De Groot et
al (1993) have shown th at the abundance of total P-subunit of CG is
proportional to the number of paternal genomes carried by hydatidiform moles
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( 2

paternal), partial moles

m aternal,

1

( 2

paternal,

1

m aternal), triploid conceptuses

paternal) and normal conceptuses

( 1

paternal,

1

( 2

m aternal).

Therefore, there is some circum stantial evidence th at the gene for the Psu b u n it of CG may be im printed and only expressed from the paternal
chrom osom e (Haig 1993, De G root et al 1993). If this is the case then
parthenogenetic embryos would not be expected to produce CG as they do not
carry a paternal genome.

T he im plantation of parthenogenetic marmoset embryos supports the
contention, made earlier in this chapter (Section

6

. ), th at the poor
1

development of marmoset parthenogenones in vitro may be due to suboptim al
culture conditions rather than inherent genetic effects. A reliable m ethod of
culturing marmoset embryos to blastocyst would provide a means to study
b o th the production of CG and the expression of the gene for the P-subunit
of CG by peri-im plantation stage m arm oset parthenogenones. A dditionally,
the expression of other factors liable to act as embryonic signals for m aternal
recognition could be examined.

O nly very small numbers of animals were available to provide inform ation
about the development of m annoset parthenogenetic embryos in vivo, and the
response of recipient animals. However, to validify the results several
param eters of development were measured. N ot only were the responses of
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m arm osets which received parthenogenetic embryos different from animals
receiving normal embryos, both animals which received parthenogenetic
embryos had a similar response.

F urther investigation m ust be carried out to dem onstrate w hether the
interesting preliminary findings reported in this chapter are statistically valid.
If m armoset parthenogenetic embryos do not produce CG they m ay provide
an im portant model system for further research into the m aternal recognition
of pregnancy in primates.
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CHAPTER SEVEN

CONCLUSIONS
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7.1 C O N C LU SIO N S
G enom ic imprinting is a phenom enon whereby some genes are expressed
differently depending on whether they are m aternally or paternally inherited.
For the past ten years, genomic imprinting has been extensively studied in the
mouse and striking morphological differences can be found between embryos
containing only maternal or only paternal chromosomes (C hapter I).
Im printing also bestows effects on specific chromosome regions and, to date,
four genes have been identified which have different expression states
depending on which parent they have been inherited from. In the mouse, the
m ost notable effects of genomic im printing appear to be imposed during
embryonic development, in some cases causing prenatal lethality.

In hum ans, it is difficult to study the effects of genomic im printing on
developm ent for indisputable ethical reasons. However, a role for genomic
imprinting in hum an early embryonic developm ent can be deduced from the
analysis of hydatidiform moles, and the development of diandric and dig)mic
triploid fetuses. Clearly, in hum ans, studies involving the deliberate
m anipulation of the genome and subsequent embryo transfer are totally
unacceptable. But it is im portant to discover whether the remarkable effects
of genomic imprinting on embryonic development in the mouse are paralleled
in primates.
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The aim of this study was to determine the effects of genomic im printing on
the early embryonic development of a non-hum an primate, the com m on
marmoset monkey. To achieve this aim a num ber of techniques were required,
some of which had never been developed in any other primate species. The
limited availability of marmoset gametes and embryos necessitated maximum
efficiency of all procedures.

In vitro fertilization of marmoset embryos had been developed and fertilization

rates of 53% had been achieved (Lopata et al 1988). However, by altering the
tim e between the administration of hCG and laparotom y, and duration of
oocyte pre-incubation, it was possible to increase the fertilization rate to 76%
(p < 0 .0 0 5 ; C hapter 2, W ilton et al 1993). C onstraints due to the small
numbers of marmosets available for oocyte collection and the limited time
available for this study curtailed the development of an appropriate in vitro
culture medium. However, the transfer of marmoset embryos into the oviducts
of live mice doubled the mean maximum cell num ber from 7.7 (± 0.7) to 15
(± 4.35; p < 0 .0 0 3 ). Bavis ter et al (1983) reported th a t complex media (TC199 and H am ’s F-10) retarded the development of rhesus m onkey embryos
after IVF. It is possible that the development of m arm oset embryos was
comprom ised by culture in another complex media, MEM. It has also been
recently reported th at the presence of glucose in m edia for culture of early
hum an IVF embryos may have a detrim ental effect on development to the
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blastocyst stage (Conaghan et al 1993). These are the type of changes which
may lead to the development of a suitable culture m edium for m arm oset
embryos.

To produce uniparental embryos by pronuclear transfer, it is necessary to
identify the parental origin of the pronuclei. In mouse embryos the m aternal
pronucleus is identifiable due to its smaller size and proxim ity to the second
polar body. I found th at the parental origin of m arm oset pronuclei could not
be determ ined visually (Chapter 4). Both m arm oset pronuclei formed
approximately

6

hours after insemination, they were both the same size, and

they first became visible near the centre of the zygote. After fertilization using
gametes stained w ith a polyspecific fluorochrome, it was not possible to
visualize fluorescent pronuclei.

Pronuclear identification might be possible using the following techniques.
Firstly, it may be possible to irradiate marmoset oocytes, making the maternal
genome functionally inactive before fertilization. It is not known w hether this
procedure would compromise fertilization of prim ate oocytes, b u t if
fertilization did take place, an androgenetic embryo would result. For
experiments concerning genomic im printing, this procedure would require
extensive validation to ensure that the maternal chromosomes had been m ade
completely functionally inactive. Additionally, it would be necessary to ensure
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th a t the subsequent development of these androgenetic embryos was not
modified by the initial irradiation process, rather than the genetic constitution
of the embryo.

A second m ethod of determining the parental origin of m arm oset pronuclei
would be to ascertain this information in retrospect. It may be possible to
remove a single pronucleus from the embryo and, using polymerase chain
reaction (PCR), accumulate enough DNA to identify the parental source by
m icrosatellite analysis. If existing primers for the hum an genome were not
appropriate, it would be necessary to design primers specifically for the
common marmoset. This would involve making a DNA library, scanning the
library for positive clones, sequencing the clones, and using the sequences to
make primers for the flanking regions of microsatellites. Primers for highly
polym orphic microsatellites could then be used for PCR. Subsequent
com parison of the size of the microsatellites in the pronuclear DN A of the
embryo and the parental DNA may reveal the parental origin of the
pronucleus. Clearly, this m ethod requires extensive groundwork and was
beyond the scope of this thesis.

M icrom anipulation and electrical fusion of m arm oset one-cell embryos was
successful in 46% of embryos. Marmoset embryos which had undergone sham
enucleation and were restored to a normal genetic constitution were able to
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develop to the

8

-cell stage. The results were encouraging as these procedures

were only carried out on 15 marmoset embryos. It is likely th a t further
experience to improve pronuclear transfer techniques and m odification of the
protocol for fusion will produce a system which is more efficient.

The approaches discussed above will provide a means to create primate
embryos carrying only paternal chromosomes. However, the same extreme
approach is not required for the production of primate embryos carrying only
maternal chromosomes, as these embryos can be produced by parthenogenetic
activation. I have developed a highly efficient protocol for electrical
stim ulation which can reliably activate 92% of marmoset oocytes.

The maternal genome alone can support development to the 16-cell stage in
marmoset embryos. Marmoset parthenogenones developed to an average of 4
cells in vitro. There was no significant difference between the percentage of
parthenogenetic embryos and normal IVF embryos reaching each cell stage up
to 16 cells, although one IVF embiy^o reached 32 cells in culture (Fig. 7.1). On
this basis the conclusion m ust be th at the absence of a paternal genome has
no effect on the extent of m arm oset embryonic development in this in vitro
system. It would be interesting to find out whether other factors such as gene
expression are altered by the absence of the paternal genome at these early
stages.
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Figure 7.1 : The development of IVF m arm oset embryos
and m arm oset parthenogenones in culture
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The similarity between the extent of developm ent of marmoset IVF embryos
and m arm oset parthenogenones indicate th at the culture system may be
affecting the extent of both normal and parthenogenetic development in vitro.
This premise is also supported by evidence th at 3 of 4 IVF embryos (Chapter
2

), and 2 of 3 marmoset parthenogenones (Chapter ) transferred to recipient
6

marmosets developed to post-implantation stages. Again, an improved culture
system designed for early marmoset embryos would significantly enhance the
possibilities for further research using m arm oset parthenogenones.

The endocrine response of recipient m arm oset females to the transfer of
parthenogenetic embryos is intriguing and invites further investigation. Did a
parthenogenetic fetus develop at all? If so, was it lost at an earlier stage in
gestation? W ere the cellular remains, found in the uterine lumen, of fetal
origin? These questions could be answered by collecting marmoset uteri
carrying parthenogenetic conceptuses at a series of earlier stages in gestation
to determ ine the presence or absence of a developing fetal component.

This study has shown that prim ate embryos carrying only m aternal
chrom osomes can develop to post-im plantation stages. It has been shown
previously th at mouse and rabbit parthenogenones can implant, and post
im plantation development can progress to the 25 and 30 somite stage,
respectively.
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The mechanism for maternal recognition of pregnancy varies widely betw een
species. In mice, the corpora lutea are maintained by prolactin secreted during
coitus. The CL will be m aintained for 10-11 days after coitus w hether the
female is pregnant or not. This is known as pseudopregnancy. The CL of
pseudopregnancy will only be converted to the CL of pregnancy if lactogen is
produced by the placenta of the developing conceptus. It is possible th a t the
failure of murine parthenogenones to develop beyond

1 0

days of gestation is,

in part, due to diminished placental lactogen, produced by extrem ely
underdeveloped placental membranes, leading to luteal regression. This would
also explain why parthenogenetic cells can be rescued in chimeras with normal
embrv^os. T hat is, the normal cells provide a more extensive extra-em bryonic
com ponent which is capable of producing enough lactogen for luteal
m aintenance.

It is possible that the abnormal development of marmoset parthenogenones in
vivo was due to a lack of CG production. Production of an unknown embryonic

signal prior to and around the time of attachm ent and im plantation may have
facilitated the im plantation of m arm oset parthenogenones. This early signal
m ay have had a luteotrophic effect on the CL which, in turn, caused an
increase in luteal inhibin production. Subsequent failure of parthenogenetic
developm ent may have been due to the lack of CG produced by
parthenogenetic embryos. To test this theory it would be possible to
229

administer exogenous hCG to marmosets which had received parthenogenetic
embryos, thus artificially mimicking the production of this hormone in nonnal
pregnancy. Webley et al ( 1991a) have performed a similar experiment to show
th a t exogenous CG can rescue the CL and hence stim ulate increased
progesterone production. This approach might prom ote further developm ent
of m arm oset parthenogenetic embryos and the morphology of early primate
parthenogenones could be analysed.

This study has shown that the development of marmoset parthenogenones to
the 16-cell stage is not significantly different from normal IVF embryos.
Additionally, im plantation of primate embryos can occur w ithout the
participation of the paternal genome. By developing the techniques of
pronuclear transfer, karyoplast fusion of one-cell prim ate embryos and
parthenogenetic activation of prim ate oocytes, this study has provided the
basis for further research to determine the role of CG in m aternal recognition
of pregnancy in primates and to elucidate the role of genomic im printing in
prim ate embryonic development.
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APPENDICES

A P P E N D IX I : Avertin

1. Dissolve 1 mg of 2,2,2-tribromoethanoI in I ml of butan-2-ol to make Stock
solution.
2. D ilute 1.2 jA of Stock in 10 ml of sterile saline. The mixture may need to
be warmed under a hot tap for the Stock solution to dissolve.
3. Inject ~0.04m l/g body weight intraperitoneally into mouse.
4. Full anaesthesia should take effect within 5-10 minutes.
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A P P E N D IX II : M 2 m edium

NaCl

5.533

NaHCOg

0.349

KCl

0.356

ICH PO
2

0.162

4

MgSO^.THzO

0.293

CaCl . H

0.252

2

2

2

0

HEPES

4.969

Sodium lactate

4.349 g of 60% syrup

Sodium pyruvate

0.036

BSA

4.000

Penicillin (Potassium

0.060

salt)
Streptomycin

0.050

sulphate
D-Glucose

1 . 0 0 0

Phenol Red

0 . 0 1 0

H O

up to

2

1

litre

W eigh o u t Hepes and dissolve in 50 ml of water. W eigh out penicillin and
streptomycin and dissolve in 50 ml water. Weigh out CaCl? and dissolve in 50
ml of water. Weigh out the remaining substances, apart from BSA and sodium
lactate, into a one litre volumetric flask, and add 500 ml of water. Dissolve.
Add the dissolved antibiotics, HEPES and calcium chloride to the volumetric
flask. Add the sodium lactate, and add sufficient water to bring the volume up
to one litre. Pour the contents of the voulmetric flask into a beaker and
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sprinkle the BSA over the surface of the media. Allow to dissolve. If necessary,
adjust the pH to 7.2-7.4. Check that the osmolarity is 285-287 mOsm.

233

A PPEN D IX III : Acid Tyrode's solution
g /100 ml

NaCl

0.800

KCl

0.020

MgClz.ôHzO

0.010

CaClz^HgO

0.024

D-Glucose

0.100

PVP*

0.400

H O

up to

2

1 0 0

ml

" : Polyvinylpyrrolidone

W eigh out all the compounds into a 100 ml voulmetric flask and dissolve in
water. Adjust the pH to 2.5 w ith HCl.
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A PP E N D IX IV : Electrofusion m edium

M annitol

54.66

MgCU.6H20

0.020

CaCl2.2H20

0.014

H O

up to

2

1

litre

W e ig h o ut all the com pounds into a volum etric flask and dissolve in the w ater
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A P P E N D IX V : T 6 M edium

g^lOO ml

NaCl

0.726

NaHCOa

0.21

KCl

0.02

NaH^PO^

0.0056

Penicillin (Na)

0.006

MgCP

0.01

CaClz

0.0264

D-Glucose

0.1

Phenol Red

0.1

H^O

up to

ml

1 0 0

W eigh out CaCl and dissolve in 10 ml of HgO. W eigh out rem aining
2

compounds into a 100 ml volum etric flask and dissolve in 50 ml of th e H O.
2

Add dissolved CaCh, and make the volume up to

1

0 0

ml.

Check th at the osmolarity is 288-290 mOsm.

236

REFEREN CES
ABRAMCZUK, J.W. &LOPATA, A (1990). Resistance of hum an follicular oocytes to
parthenogenetic activation: DNA distribution and content in oocytes m aintained in vitro.
Hum. Reprod. 5(5), 578-581.

A D EN O T, P.G., SZOLLOSI, M.S., GEZE, M., RENARD, J-P. & DEBEY, P. (1991).
Dynam ics of paternal chrom atin changes in live one-cell mouse embryos after natural
fertilization. Mol. Reprod. Dev. 28, 23-34.

ANDEREGG, C. & MARKERT, G.E. (1986). Successful rescue of microsurgically
produced homozygous uniparental mouse embryos via production of aggregation
chimeras. Proc. Natl. Acad. Sci., U SA 83, 6509-6513.

ANGELM AN, H. (1965). "Puppet" children : A report on three cases. Dev. Med. Child
Neurol. 7, 681-683.

BALAKIER, H. (1992). Timing of pronuclear formation, DNA synthesis and first cell
cycle in hum an zygotes. A RTA 3, 213-218.

BALAIGER, H. &. CASPER, R.F. (1993). Experimentally induced parthenogenetic
activation of hum an oocytes. Hum. Reprod. 8(5), 710-713.

BALMACEDA, J.P., POOL, T.B., ARANA, J.B., HEITM AN, T.S. & ASCH, R.H.
(1984). Successful in vitro fertilization and embryo transfer in cynomolgus monkeys.
Fertil. Steril. 42, 791-795.

237

BALMACEDA, J.P., GASTALDI, G , ORD, T., BORRERO, C. & A SC H , R.H. (1988).
T ub al embryo transfer in cynomolgus monkeys: Effects of hyperstim ulation and
synchrony. H um. Reprod. 3, 441-443.

BARLOW, D.P., STOGER, R., HERRMAN, B.G., SAITO, K. & SCHW EIFER, N.
(1991). T he mouse insulin-like growth factor type-2 receptor is im printed and closely
linked to th e Tme locus. Nature 349, 84-87.

BARTOLOM EI, M.S., WEBBER, A.L., BRUNKOW , M E. & TILGHM AN, S.M.
(1993). Epigenetic mechanisms underlying the imprinting of the mouse H I 9 gene. Genes
Dev. 7, 1663-1673.

BARTOLOM EI, M.S., ZEMEL, S. <ScTILGHMAN, S.M. (1991). Parental im printing
of the m ouse H I 9 gene. Nature 351, 153-155.

BARTON, S.C., SURANI, M.A.H. & NORRIS, M L. (1984). Role of paternal and
m aternal genomes in mouse development. Nature 311, 374-376.

BARTON, S.C., ADAMS, C.A., NORRIS, M L. & SURANI, M.A.H. (1985).
Developm ent of gynogenetic and parthenogenetic inner cell mass and trophectoderm
tissues in reconstituted blastocysts in the m ouse./. Emhryol. Exp. Morph. 90, 267-285.

BAVISTER, B.D., BOATMAN, D.E., LEIBFRIED, M L., LOOSE, M. a VERNON,
M .W . (1983). Fertilization and cleavage of rhesus monkey oocytes in vitro. Biol. Reprod.
28, 983-999.

BEDFORD, J.M. (1983). Significance of the need for sperm capacitation before
238

fertilization in eutherian m am mals. Biol Reprod. 28, 108 -1 2 0 .

BEYER, G. &. ZEILMAKER, G.H. (1973). Development of mouse and rat zygotes
following transfer to non-synchronized rat and mouse oviducts. /. Reprod. Fert. 33, 141143.

BOATM AN, D.E. (1987). In vitro growth of non-hum an prim ate pre- and periim plantation embryos. In "The mammalian preim plantation embryo: Regulation and
differentiation in vitro", pp 273-308. Ed. B. Bavister. Plenum Press. N ew York. USA.

BOEDIO NO, A. & SUZUKI, T. (1994). Pregnancies after transfer of aggregated
parthenogenetic bovine activated oocytes. Theriogenology 41, 166.

BONDIOLI, ICR., W ESTUSIN, M E. & LOONEY, C.R. (1990). Production of identical
bovine offspring by nuclear transfer. Theriogenology 33, 165-174.

BORSUK, E. (1982). Preim plantation development of gynogenetic diploid mouse
embryos. /. Embiyol. Exp. Morph. 69, 215-222.

BRINSTER, R.L. & TH O M SO N TENBROECK, J. (1969). Blastocyst developm ent of
mouse pre-im plantation embryos in the rabbit fallopian tu b e ./. Reprod. Eert. 19, 417421.

BRIONES, H. (SlBEATTY, R.A. (1954). Interspecific transfers of rodent eggs./. Exp.
Zool. 125, 99-118.

CALVIN, H I. (1976). Comparitive analysis of the nuclear basic proteins in rat, hum an,
239

guinea pig, mouse and rabbit spermatozoa. Biochim. Biophys. Acta. 434, 377-389.

CALVIN, H I. & G RO SSH A N S, K. (1985). Estimation of glutathione in mouse ova./.
Cell Biol 1 0 1, 383a.

CATTANACH, B.M. (1986). Parental origin effects in m ice./. Emhryol. exp. Morph. 97
Supplement, 137-150

CATTANACH, B.M., BARR, J.A., EVANS, E.P., BURTENSEIAW, M ., BEECHEY,
C.V., LEFF, S.E., BRANNAN, C.I., COPELAND, N.G., JENKINS, N.A. & JONES, J.
(1992). A candidate mouse model for Prader-W illi syndrome which shows an absence
of Snrpn expression. Nature Genet. 2, 270-274.

CATTANACH, B.M. & IGRIC, M. (1985). Differential activity of m aternally and
paternally derived chromosome regions in mice. Nature 315, 496-498.

CAVENEE, W .K., DRYJA, T.P., PHILLIPS, R.A., BENEDICT, W .F., G O D BO U T, R.,
GALLIE, B.L., MURPHREE, A.L., STRONG, L.C., & W HITE, R.L. (1983). Expression
of recessive alleles by chromosomal mechanisms in retinoblastoma. Nature 305, 779-784.

CHAMBERS, P.L. & HEARN, J.P. (1979). Peripheral plasma levels of progesterone,
oestradiol-17p, oestrone, testosterone, androstenedione and chorionic gonadotrophin
during pregnancy in the marmoset monkey, Callithrix jacchus. /. Reprod. Fert. 56, 23-32.

CHAN, P.J., H U TZ, R.J. &. DUKELOW, W .R. (1982). N onhum an prim ate in vitro
fertilization: Seasonality, cumulus cells, cyclic nucleotides, ribonucleic acid, and viability
assays. Fertil Steril. 38, 609-615.
240

CHANG, M.C. (1952). Fertilizability of rabbit ova and the effects of tem perature in vitro
on their subsequent fertilization and activation in vivo.J. Exp. Zool. 121, 351-382.

CHANG, M.C. (1954). Development of parthenogenetic rabbit blastocysts induced by
low tem perature storage of unfertilized ova./. Exp. Zool. 125, 127-149.

CHANG, M .C. (1959). Fertilization of rabbit ova in vitro. Nature 184, 466.

CLARICE, H.J., VARMUZA, S., PRIDEAUX, V.R. & ROSSANT, J. (1988). The
developmental potential of parthenogenetically derived cells in chimeric mouse embryos:
implications for action of im printed genes. Development 104, 175-182.

COCCHIARA, R., D1 TRAPANI, G., AZZOLINA, A., ALBEGGIANI, G., CIRIMINNA,
R. & CEFALU, E. (1987). Isolation of a histamine releasing factor from hum an embryo
culture m edium after in vitro fertilization. Hum. Reprod. 2, 341-344.

COHEN, J., ALIKANI, M., HUNG-CHING, L. &ROSENWA1CS, Z. (1994). Rescue of
hum an embryos by m icromanipulation. Ballieres Clin. Obstet. Gynaecol. 8(1), 95-116.

COLLAS, P., BALISE, J.J., HOFFMAN, G A. &ROBL, J.M. (1989). Electrical activation
of mouse oocytes. Theriogenology 32, 835-844.

COLLAS, P. <Sl ROBL J.M. (1990). Factors affecting the efficiency of nuclear
transplantation in the rabbit embryo. Biol. Reprod. 43, 877-884.

CONAGHAN, J., HANDYSIDE, A.H., W IN ST O N , R.M.L. & LEESE, H.J. (1993).
241

Effects of pyruvate and glucose on the development of hum an preim plantation embryos
in vitro. J. Reprod Fert. 99, 87-95.

CRAN, D.G., JO H N SO N , LA., MILLER, N.G.A., COCHRANE, D. & POLGE, C.
(1993). Production of bovine calves following separation of X- and Y-chromosome
bearing sperm and in vitro fertilisation. Vet. Rec. 132, 40-41.

CRANFIELD, M R.,

.(1988). The use of IVF and FT techniques for the

enhancem ent of genetic diversity in the captive population of the lion-taoled macaque
{Macaca silenus). Int. Zoo. Yearbook 27, 149-159.

CRANFIELD, M R., SCHAFFER, N., BAVISTER, B.D., BERGER, N., BOATMAN,
D.E., KEMPSKF, S., MINER, N., PANOS, M., ADAMS, J. &cMORGAN, P.M. (1989).
Assessment of oocytes retrieved from stim ulated and unstim ulated ovaries of pig-tailed
macaques (Macaca nemestrina) as a model to enhance the genetic diversity of captive lion
tailed macaques (Macaca silenus). Zoo Biol. (Suppl. 1), 33-46.

CRITSER, E.S. <Sl FIRST, N.L. (1986). Use of a fluorescent stain for visualization of
nuclear m aterial in living oocytes and early embryos. Stain Tech. 61, No. 1, 1-5.

CUTHBERTSON, K.S.R. (1983). Parthenogenetic activation of mouse oocytes in vitro
w ith ethanol and benzyl alcohol./. Exp. Zool. 226, 311-314.

CUTHBERTSON, K.S.R., W H ITTIN G H A M , D.G. & COBBO LD , P H. (1981). Free
Ca^^ increases in exponential phases during mouse oocyte activation. Nature (Lond.) 294,
754-757.

242

CZECH, M .P. (1989). Signal transmission by the insulin-like growth factors. Cell 59,
235-238.

DeCHIARA, T.M ., ROBERTSON, E.J. & EFSTRATIADIS, A. (1991). Parental
im printing of the mouse insulin-like growth factor II gene. Cell 64, 849-859.

DeGRO OT, N., GOSHEN, R., RACHMILEW ITZ, J., GONIK, B., BEN-HUR, H. &
HOCHBERG, A. (1993). Genomic im printing and b-chorionic gonadotrophin. Prenat
Diagn. 13 (12), 1159-1160.

DeLOlA, J.A. &. SOFTER, D. (1990). A transgene insertional m utation at an im printed
locus in the m ouse genome. Development Suppl. 73-80.

DeSUTTER, P., DOZORTSEV, D., CIESLAIC, J., W OLF, G., VERLINSICY, Y. &
DYBAN, A. (1992). Parthenogenetic activation of hum an oocytes by purom ycin. /.
Assist. Reprod. Genet. 9(1), 328-337.

DICIGE, M .M . (1965). Mouse Newslett. 32, 43-44.

D ITTR IC H , B., BUITING, 1C, GROSS, S. & HORSTHEMICE, B.

(1993).

Characterization of a m éthylation im print in the Prader-W illi syndrome chromosome
region. Hwm. Mol. Genet. 2 (12), 1995-1999.

DUKELOW , W .R., CHAN, P.J., HU TZ, R.J., DeMAYO, F.J., DOOLEY, V.D.,
RAWLINS, R.D. SlRIDH A, M.T. (1983). Preimplantation development of the prim ate
embryo after in vitro fertilization./. Exp. Zool. 228, 215-221.

243

D U IŒ LO W , W .R. & VENGESA, P.N. (1986). Primate models for fertilization and
early embryogenesis. In "Primates: The road to self-sustaining populations". Benirschke,
K. (Ed.). Springer-Verlag, New York, pp 445-461.

EDW ARDS, R.G., STEPTOE, P.C. & PURDY, J.M. (1980). Establishing full-term
hum an pregnancies using cleaving embryos grown in vitro. Br. J. Ohstet. Gynaecol 87, 737755.

EGLITIS, M.A. (1980). Formation of tetraploid mouse blastocysts following blastomere
fusion w ith polyethylene glycol./. Exp. Zool 213, 309-313.

EICHENLAUB-RITTER, U., STAHL, A. SlLUCIANI, J.M. (1988). The m icrotubular
cytoskeleton and chromosomes of unfertilized hum an oocytes aged in vitro. Hum. Genet.
80, 259-264.

ERICKSON, R.P., LEWIS, S.E. & SLUSSER, ICS. (1978). D eletion m apping of the t
complex of chromosome 17 of the mouse. Nature 274, 163-164.

FLACH, G., JO H N SO N , M .H ., BRAUDE, P.R., TAYLOR, R.A.S. & BOLTON, V.N.
(1982). The transition from maternal to embryonic control in the 2-cell mouse embryo.
E M B O J. 1, 681-686.

FOURIE, F.R., SNYMAN, E., VAN DER MERWE, J.V. a GRACE, A. (1987). Primate
in vitro fertilization research: preliminary results on the folliculogenic effects of three

different ovulatory induction agents on the chacma baboon, Papio ursinus. Comp. Biochem.
[A] 87, 889-893.

244

FRASER, L.R. & DRURY, L.M. (1975). The relationship between sperm concentration
and fertilization in vitro of mouse eggs. Biol Reprod. 13, 513-518.

FUJISAIG, M ., SUZUIG, M., KOHNO, M., CHO, F. & HONJO, S. (1989). Early
embryonal culture of the cynomolgus monkey (Macaca fascicularis). Am . J. Primatol 18,
303-313.

FULKA, J., MOTLIK, J., FULKA, J. Sl CROZET, N. (1986). Activity of m aturation
prom oting factor in mammalian oocytes after its dilution by single and multiple fusions.
Dev. Biol 118, 176-181.

FUNDELE, R.H., NORRIS, M.L., BARTON, S.C., EEHLAU, M., HO W LETT, S.K.,
MILLS, W .E. Sc SURANI, M.A.H. (1990). Temporal and spatial selection against
parthenogenetic cells during development of fetal chimeras. Development 108, 203-211.

FUNDELE, R., NORRIS, M.L., BARTON, S.C., REIK, W . Sc SURANI, M.A.H. (1989).
Systematic elim ination of parthenogenetic cells in mouse chimeras. Development 106, 2935.

GANDOLFI, F., BREVINI, A.L., MODINA, S., PASSONI, L. ScLAURIA, A. (1992).
M aternal control of early embryonic development. In "Embryonic Developm ent and
M anipulation in Animal Production." Eds: A. Lauria and F. Gandolfi. pp. 93-101.

GARDNER, R.L. (1982). Investigation of cell lineage and differentiation in the extraembryonic endoderm of the mouse em bryo./. Emhryol Exp Morph. 68, 175-198.

GARDNER, R.L., PAPAIOANNOU, V.E. Sc BARTON, S.C. (1973). Origin of the
245

ectoplacental cone and secondary giant cells in mouse blastocysts reconstituted from
isolated trophoblast and inner cell m ass./. Embiyol. Exp. Morph. 30 (3), 561-572.

GARDNER, R.L. & ROSSANT, J. (1979). Investigation of the fate of 4.5 ddij post-coitum
mouse inner cell mass cells by blastocyst injection./. Emhryol. Exp. Morph. 52, 141-152.

GLANNOUKAICIS,

N.,

DEAL

C.,

PAQUETTE,

J.,

GOODYER,

C.G.

&

POLYCHRONAKOS, C. (1993). Parental genomic imprinting of the hum an IGF2 gene.
Nature Genet. 4, 98-101.

GLENN, C.C., PORTER, K.A., JONG, M .T.C., NICHOLES, R.D. & DRISCOLL, D.J.
(1993). Functional im printing and epigenetic modification of the hum an S N R P N gene.
Hum. Mol. Genet. 2 (12), 2001-2005.

GOULD, K.G. (1983). Ovum recovery and in vitro fertilization in the chimpanzee. Fertil.
Steril. 40, 378-383.

GOULD, R.R, &BORISY, G.G. (1977). The pericentriolar material in Chinese hamster
ovary cells nucleates microtubule formation. /. Cell Biol. 73, 601-615.

GRAHAM, G.E. (1970). Parthenogenetic mouse blastocysts. Nature 226, 165-167.

GW ATKIN, R.B.L. (1977). Fertilization mechanisms in m an and mammals. Plenum
Press. New York.

HAIG, D. (1993). Genomic imprinting, hum an chorionic gonadotrophin, and triploidy.
Prenat. Diagn. 13 (2), 151.

246

HALL, J.G. (1990). Genomic imprinting ; review and relevance to hum an diseases. Am.
J. Hum. Genet. 46, 857-873.

HARDY, K., HANDYSIDE, A H . & W IN STO N , R.M.L. (1989). The hum an blastocyst:
cell num ber, death and allocation during late pre-im plantation developm ent in vitro.
Development 107, 597-604.

HARLOW , C.R. (1984). Endocrine and morphological aspects of pre-im plantation
development in the marmoset monkey {Callithrix jacchus jacchus). PhD thesis. University
College London, University of London.

HARLOW, C.R., GEMS, S., HODGES, J.K. & HEARN, J.P. (1983). The relationship
betw een plasma progesterone and the tim ing of ovulation and early embryonic
development in the m arm oset monkey {Callithrix jacchus). J. Zool. Lond. 201, 273-282.

HEARN, J.P. (1979). Immunological interference w ith the m aternal recognition of
pregnancy in primates. In "Maternal Recognition of Pregnancy." Ciba Foundation
Symposium No. 64. Excerpta Medica, Amsterdam, pp 353-375.

HEARN, J.P. (1983). The marmoset monkey {Callithrix jacchus). In "Reproduction in
New W orld Primates - New Models in Medical Science." pp 181-215. J.P. H earn (Ed).
M TP Press Ltd. Lancaster. England.

HEARN, J.P., GIDLEY-BAIRD, A.A., HODGES, J.K., SUMMERS, P.M. & WEBLEY,
G.E. (1988). Embryonic signals during the peri-im plantation period in prim ates. /.
Reprod. Fert. Suppl. 36, 49-58.

247

HENRY, L, BONAITI-PELLIE, C , CHEHENSSE, V., BELDJORD, C , SCHW ARTZ,
G., UTERM ANN, G. & JUNIEN, C. (1991). Uniparental paternal disom y in a genetic
cancer-predisposing syndrome. Nature 351, 665-667.

HERTIG, A.T., ROCK, J. & ADAMS E C. (1956). A description of 34 ova w ithin the
first 17 days of development. Am. /. Anat. 98, 435-494.

HODGES, J.K., GREEN, D.I., COTTINGHAM , P.G., SAUER, M.J., EDW ARDS, C.
& LIGHTM AN, S.L. (1988). Induction of luteal regression in the m arm oset m onkey
{Callithrix jacchus) by a gonadotrophin-releasing horm one antagonist and the effects on

subsequent follicular developm ent./. Reprod. Fert. 82, 743-752.

HOGAN, B., CONSTANTINI, F. <SlLACY, E. (1986). "Manipulating the mouse embryo
: A laboratory manual". Cold Spring H arbor Laboratory. USA.

HOPPE, P C. (SlILLMENSEE, K. (1977). Microsurgically produced homozygous-diploid
uniparental mice. Proc. Natl. Acad. Sci. USA. 74 (12), 5657-5661.

HOW LETT, S.K. (1988). Differential contributions of m aternal and paternal genomes
during early mouse development. In "In vitro approaches to m am m alian gamete
m aturation and embryonic development." (Lauria, A. and Gandolfi, F. Eds) pp. 29-38.
Christengraf. Rome.

HOW LETT, S.K., BARTON, S.C. Sc SURANI, M.A.H. (1989). Effects of the num ber,
stage and parental origin of nuclei in reconstructed mouse eggs./. Reprod. Fert. Suppl. 38,
99-105.

248

HU LTEN , M., ARM STRONG, S., CHALLINOR, P., GOULD, C., HARDY, G.,
LEEDHAM, P., LEE, T. & M cK EO W N , C. (1991). Genomic imprinting in an Angelman
and Prader-W illi translocation family. Lancet 338, 638-639.

ILES, S.A., McBURNEY, M .W ., BRAMWELL, S.R., DEUSSEN, Z.A. & GRAHAM,
G.E. (1975). Developm ent of parthenogenetic and fertilized mouse embryos in the
uterus and in extra-uterine sites./. Embiyol Exp. Morph. 34 (2), 387-405.

JACOBS, P.A , W ILSON, C M., SPRENRLE, J.A., ROSENHEIM , B. «ScMIGEON, B.
(1980). M echanism of origin of complete hydatidiform moles. Nature 286, 714-716.

JADAYEL, D., FAIN, P., UPADHYAYA, M., PONDER, M.A., HU SON , S.M., CAREY,
J., FRYER, A , M ATHEW , C.G.P., BARKER, D.E. & PONDER, P.A.J. (1990). Paternal
origin of new m utations in Von Recklinghausen neurofibromatosis. Nature 343, 558-559.

JAFFE, L.F. (1990). First messengers at fertilization. /. Reprod. Fert. 42 Suppl. 107-116.

JO H N SO N , D.R. (1974). Hairpin-tail : a case of post-reductional gene action in the
mouse egg? Genetics 76, 795-805.

JO H N SO N , L A. (1991). Sex preselection in swine: altered sex ratios in offspring
following surgical insem ination of flow sorted X- and Y-bearing sperm. Reprod. Domest.
Anim. 26, 309-314.

JO H N SO N , LA . (1992). Gender preselection in domestic animals using flow
cytometrically sorted sperm ./. Anim. Sci. 70 (Suppl. 2), 8-18.

249

JO H N SO N , M.A. & EVERITT B J. (1980). "Essential Reproduction." Blackwell
Scientific Publications, Oxford.

JO H N SO N , M .H . (1975). The macromolecular organisation of mem branes and its
bearing on events leading up to fertilization./. Reprod. Fert. 44, 167-184.

JO H N SO N , M .H ., PICICERING, S.J., BRAUDE, P.R., VINCENT, C., CANT, A. &
CURRIE, J. (1990). Acid Tyrode's solution can stim ulate parthenogenetic activation of
hum an and mouse oocytes, fertil. Steril. 53, 266.

KARSENTI, E., BRAVO, R. <ScKIRSCHNER, M .W . (1987). Phosphorylation changes
associated w ith early cell cycle in Xenopus eggs. Dev. Biol. 119, 442-453.

KAUFMAN, M .H . (1983). "Early Mammalian Development: Parthenogenetic Studies."
Cambridge University Press. Cambridge. England.

KAUFMAN,

M .H .,

BARTON,

S.C.

&. SURANI,

M.A.H.

(1977).

Norm al

postim plantation development of mouse parthenogenetic embryos to the forelimb bud
stage. Nature 265, 53-55.

KAUFMAN, M .H . & WEBB, S. (1990). Postim plantation developm ent of tetraploid
mouse embryos produced by electrofusion. Development 110, 1121-1132.

KN U D SON, A C . (1971). M utation and cancer : Statistical study of retinoblastom a.
Proc. Natl. Acad. Sci. U SA 68, 820-823.

KOHLER, C. &M1LSTE1N, C. (1975). Nature 256, 495.
250

KONO, T. & T S U N O D A , Y. (1988). Effects of induction current and other factors on
large-scale electrofusion for pronuclear transplantation of mouse eggs. Gamete Res. 19,
349-357.

KO NO, T., SHIODA, Y. & TSUNODA, Y. (1988). Nuclear transplantation of rat
em bryos./. Exp. Zool. 248, 303-305.

KUEHL, T.J. & DUKELOW W .R. (1979). M aturation and in vitro fertilization of
follicular oocytes of the squirrel monkey {Saimiri sciureus). Biol. Reprod. 21, 545-566.

LANZENDORF, S.E., ZELINSIG-WOOTEN, M.B., STOUFFER, R.L. & W OLF, D.P.
(1990). M aturity at collection and the developmental potential of rhesus m onkey
oocytes. Biol. Reprod. 42, 703-711.

LATHAM, K.E., DOHERTY, A.S., SCOTT, C D. & SCHULTZ, R.M. (1994). Igf2r and
Igf2 gene expression in androgenetic, gynogenetic, and parthenogenetic preim plantation

mouse embryos: absence of regulation by genomic imprinting. Genes Dev. 8, 290-299.

LAWSON, R.A.S., ADAMS, C.E. <Sc ROW SON, L.E.A. (1972). The developm ent of
sheep eggs in the rabbit and their viability after re-transfer to ewes. /. Reprod. Pert. 29,
105-116.

LEDBETTER, D .H ., RICCARDI, V.M., AIRHARD, S.D., STROBEL, R.J., KEENAN,
B.S. <Sl CRAWFORD, J.D. (1981). Deletion of chromosome 15 as a cause of the PraderW illi syndrome. New England J. Med. 304,315-329.

LEFF, S.E., BRANNAN, C.I., REED, M.L., OZCELIK, T., FRANCKE, U., COPELAND,
251

N .G ., Sl JENKINS, N.A. (1992). M aternal im printing of the mouse Snrpn gene and
conserved linkage homology w ith the hum an Prader-W illi syndrome region. Nature
Genet. 2, 259-264.

LONGO, F.J. (1985). Pronuclear events during fertilization. Biol Fertil. 3, 251-298.

LOPATA, A , BROW N, J.B., LEETON, J.F., TALBOT, J.McC. & W O O D , C. (1978).
In vitro fertilization of pre-ovulatory oocytes and embryo transfer in infertile patients

treated w ith clomiphene and hum an chorionic gonadotrophin. Fertil. Steril. 30, 27-35.

LOPATA, A , SUM M ERS, P.M. & HEARN, J.P. (1988). Births following the transfer
of cultured embryos obtained by in vitro and in vivo fertilization in the m arm oset
m onkey {Callithrix jacchus). Fertil. Steril. 50, 503-509.

LUCY, J.A. (1980). Biochemical and ultrastructural studies on chemically induced cell
fusion. In: "M embane-membrane interactions", pp 81-98. Soc. General Physiologists
Series, Vol 34. Ed: N.B. Gilula. Raven Press. New York.

LUCY, J.A. (1982). Biomembrane fusion. In: "Biological Membranes 4", pp 367-415. Ed:
D. Chapman. Acad. Press. London.

LUTTMER, S.J. & LONGO, F.J. (1986). Examination of living and fixed gametes and
early embryos stained w ith supravital duorochromes (Hoechst 33342 and 3,3dihexyloxacarbocyanine iodide). Gamete Res. 15, 267-283.

MAGENIS, E.R., BROW N, M.G., LACY, D.A., BUDDEN, S. & LaFRANCHl, S.
(1987). Is Angelman syndrome an alternate result of del (1 5 )(q llq l3 )? Am . J. med. Genet.
252

2 8 , 8 2 9 -8 3 8 .

M AGENIS, E.R., TOTH-FEJEL, S., ALLEN, L.J., BLACK, M., BROW N, M .G.,
BUDDEN, S., COHEN, R., FRIEDMAN, J.M., KALOUSEK, D., ZONANA, J., LACEY,
D., LaFRANCHI,S., LAHR, M., MacFARLANE, J. & WILLIAMS, C.P.S. (1990).
Com parison of the I5 q deletions in Prader-W illi and Angelman syndromes : specific
regions, extent of deletions, parental origin, and clinical consequences. Am. /. med. Genet
35, 333-349.

M A H l, C.A. <Sl YANAGIMACHI, R. (1975). Induction of nuclear condensation of
m am m alian sperm atozoa in vitro. J. Reprod. Fert. 44, 293-296.

M ANN, J.R. &. LOVELL-BADGE, R.H. (1984). Inviability of parthenogenones is
determ ined by pronuclei, not egg cytoplasm. Nature 310, 66-67.

M ANNENS, M., SLATER, R.M., HEYTING, C., BLIEK, J., de KRAKER, J., GOAD, N.,
de PAGTER-HOLTHUIZEN, P. Sc PEARSON, P.L. (1988). Molecular nature of genetic
changes resulting in loss of heterozygosity of chromosome 11 in W ilms' tum ours. Hum.
Genet. 81, 41-48.

MARICERT, C.E. (1982). Parthogenesis, homozygosity and cloning in mammals. /.
73, 390-397.

McFADDEN, D.E., ICWONG, L.C., YAM, EY E. & LANGLOIS, S. (1993). Parental
origin of triploidy in hum an fetuses: evidence for genomic imprinting. Hum. Genet.
92,465-469.

253

M c G r a t h , j. &. SOLTER, D. (1983). Nuclear transplantation in the mouse embryo by
microsurgery and cell fusion. Science 220, 1300-1302.

McGRATH, J. & SOLTER, D. (1984)a. Completion of mouse embryogenesis requires
both the m aternal and paternal genomes. Cell 37, 179-183.

McGRATH, J. <Sl SOLTER, D. (1984)b. M aternal T^^ lethality in the mouse is a nuclear,
not cytoplasmic, defect. Nature 308, 550-551.

M cLa r e n , a . (1976). "Mammalian Chimeras." Cambridge University Press. Cambridge.

M cLa r e n , a . (1982). The embryo. In "Reproduction in mammals: Embryonic and fetal
development." Eds: C.R. Austin and R.V. Short. Cambridge University Press. Cambridge.
England.

M IN TZ, B. (1962). Form ation of genetypically mosaic mouse embryos.

Zool 2,

432.

M IN TZ, B., GEARHART, J.D. & CUYM ONT, A.O. (1973). Phytohemagglutininmediated blastomere aggregation and development of allophenic mice. Dev. Biol 31, 195199.

MODLINSKI, J.A. (1975). Haploid mouse embryos obtained by microsurgical removal
of one pronucleus. /. Emhryol Exp. Morph. 33 (4), 897-905.

M ODLINSKI, J.A. (1980). Preim plantation development of microsurgically obtained
haploid and homozygous diploid mouse embryos and effects of pretreatm ent w ith
254

cytochalasin B on enucleated eggs./. Emhryol Exp. Morph. 60, 153-161.

M OORE, H .D .M . (1981). An assessment of the fertilizing capacity of sperm atozoa in
the epididymis of the m arm oset monkey {Callithrix jacchus). Int. J. Androl. 4, 321-330.

M OORE, H.D .M . & BEDFORD, J.M. (1978). The ultrastructure of the equatorial
segment of ham ster sperm atozoa during penetration of oocytes. /. Ultrastuct. Res. 62,
110-117.

MOORE, H.D.M ., GEMS, S. & HEARN, J.P. (1985). Early im plantation stages in the
m arm oset m onkey (Callithrix jacchus). Am. /. Anat. 172, 265-278.

M ORI, C., H A SHIM OTO, H. & H O SH 1N O , K. (1988). Fluorescence microscopy of
nuclear DNA in oocytes and zygotes during in vitro fertilization and developm ent of
early embryos in mice. Biol Reprod. 39, 737-742.

MORRIS, J. (1968). The XO and OY chromosome constitution in the mouse. Genet. Res.
12, 125.

M O RTIM ER, D. (1991). Sperm preparation techniques and iatrogenic failures of invitro fertilization. Hum. Reprod. 6 (2), 173-176.

M O R TO N , H., ROLFE, B., CLUNIE, G.J.A., ANDERSON, M.J. & M O R R IS SO N , J.
(1977). An early pregnancy factor detected in hum an serum by the rosette inhibition
test. Lancet xxx, 394-397.

MUECHLER, E.K., GRAHAM, M.C., HUANG, K-E., PARTRIDGE, A.B. & JONES, K.
255

(1989). Parthenogenetic activation of hum an oocytes as a function of vacuum pressure.
/. In Vitro Fert. Emhryo Trans. 6, 335.

MURRAY, A.W. &. IGRSCHNER, M .W . (1989). Cyclin synthesis drives the early
em bryonic cell cycle. Nature 339, 275-280.

MURRAY, A.W ., SOLOM ON, M.J. SlIORSHN ER, M .W . (1989). The role of cyclin
synthesis and degradation in the control of m aturation promoting factor activity. Nature
339, 280-286.

NAGY, A., PALDI, A., DEZSO, L., VARGA, L. & MAGYAR, A. (1987). Prenatal fate
of parthenogenetic cells in mouse aggregation chimeras. Development 101, 67-71.

NICHOLES, R.D., KNOLL, J.H.M ., BUTLER, M.G., KARAM, S. & LALANDE, M.
(1989). Genetic im printing suggested by heterodisomy in non-deletion Prader-W illi
syndrome. Nature 342, 281-285.

O'NEILL, C. (1985). Examination of causes of early pregnancy associated w ith
throm bocytopenia in m ice./. Reprod. Fert. 73, 567-577.

O'NEILL, G.T., ROLFE, L.R. & KAUFMAN, M .H. (1991). Developm ental potential
and chromosome constitution of strontium -induced mouse parthenogenones. Mol.
Reprod. Dev. 30, 214-219.

OGAWA, O., ECCLES, M R., SZETO, J., McNOE, L.A., YUN, K., MAW , M.A.,
SM ITH, P.J. (Sc REEVE, A.E. (1993). Relaxation of the insulin-like growth factor II gene
im printing im plicated in W ilms' tum our. Nature 362, 749-751.
256

O H LSSO N, R., HEDBORG, F., HOLM GREN, L., W ALSH, C. & EICSTROM, T J.
(1994). Overlapping patterns of IGF2 and H I 9 expression during hum an development:
biallelic IGF2 expression correlates with a lack of H 19 expression. Development 120, 361368.

OKADA, Y. (1993). Sendai virus-induced cell-fusion. Methods in Enzym ol, 221, 18-41.

OZCELIK, T., LEFF, S., ROBINSON, W ., DONLON, T., LALANDE, M., SANJINES,
E., SCHINZEL, A. <Sc FRANCICE, U. (1992). Small nuclear ribonucleoprotein
polypeptide N {SN R P N ), an expressed gene in the Prader-Willi syndrome critical region.
Nature Genet. 2, 265-269.

OZIL, J.P. (1990). The parthenogenetic development of rabbit oocytes after repetitive
pulsatile electrical stim ulation. Development 109, 117-127.

PALERMO, G., JORIS, H., DEVROEY, P. & VANSTEIRTEGHEM, A C. (1992).
Pregnancies after intracytoplasmic sperm injection of single sperm atozoon into an
oocyte. Lancet 340, 17-18.

PALERMO, G., M U N N E, S. & COHEN, J. (1994). The hum an zygote inherits its
m itotic potential from the male gamete. Hum. Reprod. 9 (7), 1220-1225.

PAPAIOANNOU, V.E. & EBERT, K.M. (1986). Development of fertilized embryos
transferred to oviducts of imm ature m ice./. Reprod. Fert. 76, 603-608.

PERREAULT, S.D., NAISH, S.J. ScZIRKIN, B.R. (1987). The timing of ham ster sperm
nuclear decondensation and male pronucleus form ation is related to sperm nuclear
257

disulphide bond content. Biol. Reprod. 36, 2 3 9 -2 4 4 .

PONTECORVO, G. (1975). Production of mammalian somatic cell hybrids by means
of polyethylene glycol treatm ent. Somatic Cell Genet. 1, 397-400.

PRADER, A., LAB HART, A.

WILLI, H. (1956). Ein syndrom von adipositas,

Ideinwuchs, kryptochimus und oligophrenie nach m yotonicartigem zustand in
neugeborenalter. Scheiz. Med. J. Wochenschr. 86, 1260-1261.

PRATHER, R.S., SIMS, M.M . Sc FIRST, N.L. (1989). Nuclear transplantation in early
pig embryos. Biol. Reprod. 41, 414-418.

QUARRELL, O.W .J., SNELL, R.G., CURTIS, M.A., ROBERTS, S.H., HARPER, P.S.
SHAW, D.J. (1991). Paternal origin of the chromosomal deletion resulting in W olfH irschhorn syndrom e./. Med. Genet. 28, 256-259.

QU IN N , P., BARROS, C. & W HITTING HAM , D.G. (1982). Preservation of ham ster
oocytes to assay the fertilizing capacity of hum an spermatozoa. /. Reprod. Fert. 66, 161168.

RAINIER, S., JO H N SO N , L.A., DOBRY, C.J., PING, A.J., GRUNDY, P.E. &
FEINBERG, A P . (1993). Relaxation of im printed genes in hum an cancer. Nature 362,
747-749.

RAPPAPORT, R. (9169). Aster-equatorial surface relations and furrow establishm ent.
/. Exp. Zool. 171, 59-68.

258

RASMUSSEN, H, (1989). The cycling of calcium as an intracellular messenger. Scientific
American. Oct., 44-51.

RAW LINS, R.G., BINOR, Z., RADWANSRA, E. & DM OW SKI, W .P. (1988).
Microsurgical enucleation of tripronuclear hum an zygotes. Fertil. Steril. 50, 266-272.

REIK, W ., HOW LETT, S.K. & SURANl, M.A.H. (1990). Im printing by DNA
m éthylation : from transgenes to endogenous gene sequences. Development SuppL, 99106.

ROBE, J.M., PRATHER, R., BARNES, F., EYESTONE, W ., NORTHEY, D.,
GILLIGAN, B.

FIRST, N.L. (1987). Nuclear transplantation in bovine em bryos./.

Anim. Sci. 64, 642-647.

SAPIENZA, C. (1991). Genome im printing and carcinogenesis. Biochim. Biophys. Acta
1072, 51-61.

SAPIENZA, C., TRAN, T-H., PAQUETTE, J., M cGOW AN, R. & PETERSON, A.
( 1989). A m éthylation mosaic model for mammalian genome imprinting. Prog. nucl. Acids
Res. molec. B io l, 36, 145-157.

SAPIENZA, C., PETERSON, A C., ROSSANT, J. & BALLING, R. (1987). Degree of
m éthylation of transgenes is dependent on gamete of origin. Nature 328, 251-254.

SASAKI, M.S., EJIMA, Y., TOGUCHIDA, J., KATO, M., ISHIZAKI, K. & IKENAGA,
M. (1990). Germinal im printing in chromosome m utation. Prog. Clin. B iol Res. 340B,
347-354.
259

SCHATTEN, H. (1994). The centrosome and its mode of inheritance: The reduction
of the centrosome during gametogenesis and its restoration during fertilization. Dev. Biol
165,2 9 9 -3 3 5 .

SCHATTEN, H., SCHATTEN, G., MAZIA, D., BALCZON, R. & SIMERLEY, C.
(1986). Behaviour of centrosomes during fertilization and cell division in mouse oocytes
and in sea urchin eggs. Proc. N a tl Acad. Sci. USA. 83, 105-109.

SCHROEDER, W .T., CHAO, L-Y., DAO, D.D., STRONG, L.C., PATHAIC, S.,
RICCARDI, V., LEWIS, W .H . & SAUNDERS, G.E. (1987). N onrandom loss of
m aternal chromosome 11 alleles in W ilms' tumours. Am. /. Hum. Genet. 40, 413-420.

SCRABLE, H., CAVENEE, W ., GHAVIMI,F., LOVELL, M., M ORGAN, K. &
SAPIENZA, C. (1989). A model for embryonal rhabdomyosarcoma tumorigenesis th at
involves genome imprinting. Proc. N a tl Acad. Sci. USA. 86, 7480-7484.

SENDA, M., TAKEDA, J., ABE, S. Sc NAKAMURA, T. (1979). Induction of cell fusion
of plant protoplasts by electrical stimulation. Plant Cell Physiol. 20, 1441-1443.

SIRARD, M.A., LAMBERT, R.D., MENARD, D.P. AND BEDOYA, M . (1985).
Pregnancies after in-vitro fertilization of cow follicular oocytes, their incubation in
rabbit oviduct and their transfer to the cow u teru s./. Reprod. Fert. 75, 551-556.

SOLOMON, E. Sl RAWLINGS, C.H. (1991). H um an gene mapping 11. Cytogenet. Cell
Cenet. 58, 1-4.

SPIEGELMAN, M., ARTZT, K. &c BENNETT, D. (1976). Embryological study of a T/t
260

locus m u tatio n (t'^^^) affecting trophectoderm developm ent./. Emhryol Exp. Morph. 36
(2), 373-381.

STEPTOE, P.C. & EDWARDS, R.G. (1978). Birth after the reim plantation of a hum an
embryo. Lancet ii, 366.
STEVENS, L.C. (1978). T otipotent cells of parthenogenetic origin in a chimaeric mouse.
Nature 276, 266-267.

STEVENS, L.C., VARNUM, D.S. &E1CHER, E.M. (1977). Viable chimeras produced
from norm al and parthenogenetic mouse embryos. Nature 269, 515-517.

STOGER, R., KUBICKA, P., LIU, C. G., KAFRl, T., RAZIN, A., CEDAR, H. &
BARLOW, D.P. (1993). Maternal-specific m éthylation of the im printed mouse Igf2r
locus identifies the expressed locus as carrying the im printing signal. Cell 73, 61-71.

SUM M ERS, P.M ., SHEPHARD, A.M., TAYLOR, C.T. & HEARN, J.P. (1987). The
effects of cryopreservation and transfer on embryonic development in the common
m arm oset monkey, Callithrix jacchus./. Reprod. Fert. 79, 241-250.

SUM M ERS, P.M ., W EN N IN K , C.J. & HODGES, J.K. (1985). Cloprostenol-induced
luteolysis in the m armoset monkey {Callithrix jacchus).}. Reprod. Fert. 73, 133-138.

SURANl, M.A.H. &L BARTON, S.C. (1983). Developm ent of gynogenetic eggs in the
mouse: implications for parthenogenetic embryos. Science 222, 1034-1036.

SURANl, M.A.H., BARTON, S.C., HOW LETT, S.K. & NORRIS, M L. (1988).
Influence of chromosomal determ inants on development of androgenetic and
261

parthenogenetic cells. Development 103, 171-178.

SURANl,

BARTON, S.C. 5cKAUFMAN, M.H. (1977). Development to term

of chimaeras between diploid parthenogenetic and fertilised embryos. Nature 270, 601602.

SURANl, M.A.H., BARTON, S.C. & NORRIS, M.L. (1984). Developm ent of
reconstituted mouse eggs suggests im printing of the genome during gametogenesis.
Nature 308, 548-550.

SURANl,

M.A.H.,

BARTON,

S.C.

& NORRIS,

M.L.

(1987).

Experimental

reconstruction of mouse eggs and embryos : An analysis of mam m alian development.
Biol. Reprod. 36, 1-16.

SUZUKI, H., UEDA, R., TAKAHASHl, T. & TAKAHASHl, T. (1994). Altered
im printing in lung cancer. Nature Genet. 6, 332-333.

SW ANN, K. (1990). A cytosolic sperm factor stimulates repetitive calcium increases and
mimics fertilization in ham ster eggs. Development 110, 1295-1302.

SZOLLOSl, D. (1971). Morphological changes in mouse eggs due to aging in the
fallopian tube. Am. /. Anat. 130, 209-226.

SZULMAN, A.E. & SURTl, U. (1978). The syndromes of the hydatidiform mole. 1.
Cytogenetic and morphologic correlations. Am. /. Obstet. Gynecol. 131, 6, 665-671.

TARKOW SKl, A.K. (1961). M ouse chimeras developed from fused eggs. Nature 190,
262

857-860.

TARICOWSKI, A.K. (1977). In vitro development of haploid mouse embryos produced
by bisection of one-cell fertilized eggs./. Embryol Exp. Morph. 38, 187-202.

TARICOWSKI, A.K., W ITKOW SKA, A & NOWICKA, J. (1970). Experimental
parthenogenesis in the mouse. Nature 226, 162-165.

TESARIK, J. (Sl KOPECNY, V. (1989). Nucleic acid synthesis and developm ent of
hum an male pronucleus. /. Reprod. Eert. 86, 549-558.

THIBAULT, C. (1949). L'oeuf des mammifères: son développement parthenogenetique.
Ann. Sci. Nat. Zool. 11, 133-219.

TH O M SO N , J.A. (Sl SOLTER, D. (1989). Chimeras between parthenogenetic and
androgenetic blastomeres and normal embryos: allocation to the inner cell mass and
trophectoderm . Dev. Biol. 131, 580-583.

TO GU CHIDA , J., ISHIZAKI, K., SASAKI, M.S., NAKAMURA, Y., IKENAGA, M.,
KATO, M., SUGIM OT, M., KOTOURA, Y. <SlYAMAMURO, T. (1989). Preferential
m utation of paternally derived RB gene as the initial event in sporadic osteosarcoma.
Nature 338, 156-158.

TONE, S. (SlKATO, Y. (1986). A m ethod of vital staining of mouse eggs using Hoechst
d y t. Japan. J. Anim . Reprod. 32, 101- 105.

TROUNSON, A.

<Sl

OSBORN, J. (1993). In vitro fertilization and embryo development.
263

In "H andbook of in vitro fertilization. " Eds. A. Trounson and D. Gardner. CRC Press,
Florida, USA.

TR O U N SO N , A.O., M OHR, L.R., W O O D , C. & LEETON, J.F. (1982). Effect of
delayed insem ination on in vitro fertilization, culture and transfer of hum an embryos. /.
Reprod. Fert. 64, 285.

VAN BLERICOM, J., BARTON, S .C , & JO H N SO N , M .H . (1976). Molecular
differentiation in the preim plantation mouse embryo. Nature (Lond.) 259, 319-321.

VAN DAMME, M.P., ROBERTSON, D M. SlDICZFALUSY, E. (1974). An improved
in vitro bioassay m ethod for measuring LH activity using a mouse Leydig cell preparation.
Acta Endocronologica 77, 655-671.

VARMUZA, S., M ANN, M. Sl ROGERS, 1. (1993). Site of action of im printed genes
revealed by phenotypic analysis of parthenogenetic embryos. Dev. Genetics, 14, 239-248.

WATANABE, N., VAN De W OUDE, G.E., IKAWA, Y. & SAGATA, N. (1989). Specific
proteolysis of the c-mos proto-oncogene product by calpain on fertilization of Xenopus
eggs. Nature 342, 505-517.

WEBB, M ., HOW LETT, S.K. & M A R O , B. (1986). Parthenogenesis and cytoskeletal
organization in ageing mouse eggs./. Emhryol. Exp. Morph. 95, 131-145.

WEB LEY, G.E. Sc HEARN, J.P. (1994). Embryo-maternal interactions during the
establishm ent of pregnancy in primates. In "Oxford Reviews of Reproductive Biology."
Ed. H.M . Charlton. Oxford University Press, Oxford. Vol. 16, pp. 1-32.

264

WEBLEY, G.E., HODGES, J.K., GIVEN, A. & HEARN, J.P. (1991)a. Com parison of
the luteolytic action of gonadotrophin-releasing horm one antagonist and cloprostenol,
and the ability of hum an chorionic gonadotrophin and m elatonin to override their
luteolytic effects in the m arm oset m onkey./. Endo. 128, 121-129.

WEBLEY, G.E., KN IGHT, P.G., GIVEN, A., & HODGES, J.K. (I9 9 I)b . Increased
concentrations of imm unoreactive inhibin during conception cycles in the m arm oset
monkey : suppression with an LHRH antagonist and cloprostenol. /. Endo. 128, 465-473.

WEBLEY, G.E., RICHARDSON, M.C., SUMMERS, P.M., GIVEN, A. & HEARN, J.P.
(1989). Changing responsiveness of luteal cells of the m arm oset m onkey (Callithrix
jacchus) to luteotrophic and luteolytic agents during normal conception cycles. /. Reprod.
Eert. 87, 301-310.

WHEATLEY, D.N. (1982). "The centriole: A central enigma of cell biology." Elsevier.
Amsterdam.

W HITTING HAM , D.G. (1971). Culture of mouse ova./. Reprod. Eert. Suppl. 14, 7-21.

W H ITTIN G H A M , D.G. (1980). Parthenogenesis in mammals. In "Oxford Reviews of
Reproductive Biology". Ed: C.A. Finn. Clarendon Press. Oxford. England. Vol. 2, pp 205231.

WIKER, S., MATTER, H., W RIGHT, G. & COHEN, J. (1990). Recognition of paternal
pronuclei in hum an zygotes. /. In Vtro Eert. Embryo Trans. 7(1) 33-37.

WILLADSEN, S.M. (1986). Nuclear transplantation in sheep embryos. Nature 320, 63265

65.

WILLIAMS, C.A., ZORI, R.T., STONE, J.W., GRAY, B.A., CANTU, E S. & O STR ER ,
H. (1990). M aternal origin of 15ql 1-13 deletions in Angelman syndrome suggests a role
for genomic imprinting. Am. /. med. Genet. 35, 350-353.

W ILTON, L.J., MARSHALL, V.S., PIERCY, E.G. Sc MOORE, H .D .M . (1993). In vitro
fertilization and embryo development in the m arm oset monkey (Callithrix jacchus). J.
Reprod. Fertil. 97, 481-486.

W IN ST O N , N., JO H N SO N , M., PICKERING, S. & BRAUDE, P.

(1991).

Parthenogenetic activation and development of fresh and aged hum an oocytes. Fertil.
Steril. 56, No. 5. 904-912.

W OLF, D.P. (1981). The mam m alian egg's block to polyspermy. In "Fertilization and
em bryonic development in vitro. Eds. L. M astrioanni and B.J. Biggers. pp 183-197.
Plnum Press New York. USA.

WOLF, D.P., VANDeBOORT,C.A, MEYER-HAAS, G.R., ZELINSKI-WOOTEN, M B .,
HESS, D.L., BAUGHMAN, W.L. & STOUFFER, R.L. (1989). In vitro fertilization and
embryo transfer in the Rhesus monkey. Biol. Reprod. 41, 335-346.

YANAGIMACHI, R., YANAGIMACHI, H. & ROGERS, B.J. (1976). The use of zonafree animal ova as a test-system for the assessment of the fertilizing capacity of hum an
spermatozoa. Biol. Reprod. 15, 471-476.

ZHANG, Y. & TY C K O , B. (1992). M onoallelic expression of the hum an H 19 gene.
266

Nature Genet. 1, 40-44.

ZHANG, Y., SHIELDS, T., CRENSHAW, T., HAD, Y., M OULTON, T. & TY CKO, B.
(1993). Im printing of hum an H I 9: Allele-specific CpG m éthylation, loss of the active
allele in W ilms' Tumor, and potential for somatic allele switching. Am /. Hum. Genet. 53,
113-124.

ZHU, X., D U N N , J.M., PHILLIPS, R.A., GODDARD, A.D., PATON, K.E., BECKER,
A. <Sl GALLIE, B.L. (1989). Preferential germline m utation of the paternal allele in
retinoblastom a. Nature 340, 312-313.

267

