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ABSTRACT

Genomic imprinting is a phenomenon whereby some genes are expressed
differently depending on whether they are maternally or paternally inherited.
In mice, the most notable effects of genomic imprinting appear to be imposed
during embryonic development. In humans, it is difficult to study the effects
of genomic imprinting on development for obvious ethical reasons, however
it is important to discover whether the effects of genomic imprinting on mouse
embryonic development are paralleled in primates. The aim of this study was
to determine the effects of genomic imprinting on the early embryonic

development of a non-human primate, 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 between the
administration of hCG and laparotomy, and duration of oocyte pre-incubation.
The mean maximum cell number (MMCN) of in vitro fertilized (IVF)
marmoset embryos 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 determination of the parental origin of marmoset pronuclei
was not possible because both pronuclei formed at the same time after
insemination, they were both the same size and both first became visible near
the centre of the zygote. Unlike similar studies using mouse zygotes, in
marmoset zygotes it was not possible to visualize fluorescent paternal
prmuclei after fertilization with marmoset sperm carrying DNA which was

stained with a polyspecific fluorochrome.

Pronuclear transfer and electrical fusion of marmoset one-cell embryos was
successful in 7/15 (46%) embryos. Marmoset embryos which had undergone

sham enucleation and were restored to a normal 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 stimulation (68/74; 92%). Marmoset
parthenogenones developed to a MMCN (+ 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-implantation stages.
To Day 33, when 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
analvsis of RP animals showed syncytial invasion of the uterine stroma, but

only remnants of embryonic membranes.

The development of marmoset parthenogenones to the 16-cell stage is not
significantly different from normal IVF embryos. Additionally, implantation
of primate embryos can occur without the participation of the paternal
genome. By developing the techniques of manipulation of primate embryos
and oocytes, this study has provided the basis for further research to elucidate

the role of genomic imprinting in primate embryonic development.
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LITERATURE REVIEW
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1.1 INTRODUCTION

Mendel's experiments with garden peas in the mid 19th century led to one of the
most important theories of inheritance, the principle of equivalence of reciprocal
crosses. That is, it does not matter 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 imprint which allows them to "remember"
their parental source and changes their phenotypic expression depending on whether

they have been maternally or paternally derived.

This differential effect is known as genomic imprinting. The extent to which the
genome is imprinted is not yet known, and the mechanism by which imprinting
bestows its effect is not yet fully understood, but it is clear that normal prenatal
development in mammals cannot proceed without a genetic contribution of both
maternal and paternal origin. In some cases, without the contribution of a particular

maternal or paternal gene normal development will not proceed.

This chapter summarises normal mammalian fertilization and pronuclear
development, the physiological effects of genomic imprinting 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 FERTILIZATION OF MAMMALIAN 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.

Mature, ovulated oocytes have undergone the first meiotic division so that 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 within a mucopolysaccharide coat known as the zona pellucida.

During the passage of mammalian sperm through the epididymis, the chromatin 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 must undergo some changes to render
it capable of fertilization. These changes are referred to collectively as capacitation.
Capacitation 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 Mendelbaum
1990). Capacitation normally occurs in the female genital tract but can also occur
readily in culture medium prior to in vitro fertilization. It is unclear exactly what
factors are involved in the process of sperm capacitation but a number of enzymes
such as neuraminidase (Johnson 1975), B-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”" (Wolf 1981). The zona reaction is the term used
to describe the refractoriness of the zona pellucida to penetration by more than one
sperm. During the penetration of a sperm through the zona pellucida, small
membrane-bound organelles located beneath the plasma membrane of the mature
oocyte, known 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 resumption 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 that 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, that 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 (Watanabe et al 1989) which, by preventing the degradation of cyclin
(Karsenti et al 1987), may maintain high levels of maturation promoting factor, the
protein which prevents the cell cycle progressing past the metaphase stage (Murray
et al 1989). Therefore it is possible that an increase in the levels of Ca** may, after
a series of changes in the levels of intracellular proteins, lead to the resumption 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 maternal 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 chromatin with the oocyte cytoplasm (Longo 1985). This
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association facilitates the access of cytoplasmic reducing agents to the sperm
chromatin, leading to the destruction of the disulphide bonds holding the paternal
nuclear chromatin tightly in place. There is some evidence that one of the reducing
factors in the oocyte cytoplasm may be a reduced form of glutathione which is
present in high quantities in mammalian 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 chromatin structure leads to nuclear
decondensation. A nuclear membrane forms around the paternal chromatin 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 most mammalian species, including the human (Palermo et al 1994), but with the
exception of the mouse (Schatten et al 1986), the sperm not only carries nuclear
material into the oocyte at fertilization but also carries one of the most important
organelles involved in mitosis and meiosis, the centrosome. The centrosome is the
organelle responsible for the nucleation and organisation of microtubules necessary
for the successful progression of mitosis and meiosis (Rappaport 1969, Gould and
Borisy 1977, Wheatley 1992). This role includes organising the polarity of the
microtubules with 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 the chromatin and cytoplasm reproduced and inherited by each new cell, the
centrosome 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
towards the centre of the zygote (Longo 1987). The migration of the maternal
pronucleus begins after contact with the microtubules of the sperm aster. Schatten
(1994) proposes that "the surface of the maternal pronucleus is covered with dynein-
like, minus-end directed motors". These "motors" would drive the migration of the
maternal pronucleus from the periphery towards the centre of the sperm aster. The
paternal pronucleus, located at the centre of the sperm aster, and the maternal
pronucleus soon become closely apposed. The pronuclear membranes disintegrate, the
centrosome splits, the microtubules become bipolar, and the parental chromosomes
align along the mitotic spindle. In the mouse, mitosis follows within 24 hours of
initial sperm penetration (Hogan et al 1986). The first cleavage division in human
embryos occurs slightly later, approximately 36 hours after insemination (Trounson

et al 1982).

Cleavage of human embryos to 4 and 8 cells or blastomeres follows approximately 45
and 55 hours after insemination, respectively. Development through morula stages
to blastocyst should be expected within five days of fertilization. It has been
suggested that blastulation can bew expected between the 4th and 5th cleavage

divisions (Hardy et al 1989). These divisions occur approximately every 24 hours in
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the human (Hardy et al 1989). The human blastocyst is expected to contain at least
60 nuclei (Trounson and Osborn 1993), although some studies report that after in
vitro fertilization only 18% of human blastocysts contain this number of nuclei, and
the majority (61%) contain less than 29 nuclei (Winston 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 human embryo hatches from the zona

pellucida and implants in the uterus (Dorkras et al 1991).

Little is known about the immediate post-implantation deveiopment of human
embryos as these studies cannot be carried out for ethical reasons. However the
determination 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 delamination 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 formation 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 number 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 with purely maternal or paternal genomes can be constructed.

1.3.1 Creation of parthenogenetic mouse embryos

Mammalian embryos containing only maternal chromosomes can be either
parthenogenetic or gynogenetic. Parthenogenetic embryos, or parthenogenones, are
derived from unfertilized oocytes that can be stimulated to divide, or activated, by
environmental factors such as cold shock (Thibault 1949) or electrical stimulus
(Tarkowski et al 1970, Ozil 1990), or by chemical stimulants such as hyaluronidase

(Graham 1970), ethanol (Cuthbertson 1983), strontium chloride (O'Neill et al
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1991), calcium ionophore A23187 (Winston et al 1991), or media lacking 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; Murray and
Kirschner 1989). CSF prevents degradation of cyclin (Karsenti et al 1987), the
protein responsible for maintaining the activity of maturation promoting factor
(MPF). Active MPF prevents the cell cycle from progressing past the metaphase stage
(Murray et al 1989). Increased concentrations of calcium ions within the oocyte lead
to the breakdown of CSF by calpain II (Watanabe 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 within 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, development
usually proceeds in one of four ways, depending on the activation method 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 may undergo
immediate cleavage, without replication of the chromosomes, resulting in two

blastomeres each with 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 maternal pronuclei. Replication and

division follow, resulting in a heterozygous diploid parthenogenone.

1.3.2 Creation of gynogenetic and androgenetic mouse embryos

Gynogenetic embryos, or gynogenones, also contain only maternal chromosomes but
gynogenones are different from parthenogenones in that they contain maternal
chromosomes from two different oocytes. Murine gynogenones can be physically
constructed by micromanipulation (McGrath and Solter 1983). In murine
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 (McGrath and Solter 1983). The paternal pronucleus can be removed from the
embryo, and replaced with 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 with another paternal pronucleus, a diploid androgenone is formed.

McGrath and Solter (1983) demonstrated that micromanipulation and pronuclear
transfer did not affect development when they carried out experiments transferring

both male and female pronuclei to previously enucleated zygotes. After this
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FIGURE 1.1 : Diagram of 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 MURINE UNIPARENTAL EMBRYOS

1.4.1 Development of murine parthenogenetic embryos

The development of parthenogenetic rabbit embryos was first studied by Thibault
(1949) and Chang (1952, 1954). After stimulation by cold shock, parthenogenones
developed to blastocyst but no post-implantation development occurred. The first
reports of development of parthenogenetic embryos to post-implantation stages was
after the in vivo activation of mouse oocytes by stimulation of the oviduct with an
electric shock (Tarkowski et al 1970). Of 42 embryos which implanted, 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 with media lacking
calcium and magnesium. Twenty five percent of these heterozygous diploid
parthenogenetic embryos developed to somite stages after transfer to pseudopregnant
recipients. The most advanced development was of one embryo to the 25-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 that the presence of homozygous lethal alleles was
having a detrimental effect on development. Two experiments were designed to

generate embryos with purely maternal chromosomes but with a heterozygous
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constitution. After fertilization, extrusion of the second polar body was suppressed
by incubating the embryo in cytochalasin B, a microtubule 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 (Modlinski 1975, McGrath 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
replacement with a second maternal pronucleus (McGrath and Solter 1984a). As
mentioned previously, McGrath and Solter (1983) demonstrated that
micromanipulation and pronuclear transfer per se did not affect development. The
development of diploid, heterozygous gynogenones was similar to homozygous
parthenogenones observed previously, disproving the theory that the homozygosity

alone was impairing development.

The second hypothesis proposed for the poor development of parthenogenones was
that 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). Mann and
Lovell-Badge (1984) carried out similar experiments exchanging one maternal
pronucleus, from a diploid parthenogenone, with a paternal pronucleus to restore a
biparental state within a parthenogenetic cytoplasm. These reconstituted embryos

developed normally to term to produce normal, viable offspring, proving that the
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parthenogenetic cytoplasm was fully capable of supporting normal development

(Surani et al 1984, Mann and Lovell-Badge 1984).

The third hypothesis for the failure of parthenogenones to develop to term was that
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 that even after fertilization, when the embryo
would receive any extra-nuclear components of the sperm, if the pronuclei are
exchanged so that the embryo contains two maternal genomes instead of a maternal
and a paternal genome, the embryo will not develop to term. These experiments

demonstrated that a paternal genome is required for normal prenatal development.

In 1977 Hoppe and Illmensee erroneously reported that homozygous diploid
parthenogenetic embryos would develop to term. These results have not been
repeated (Modlinski 1980, Markert 1982). It has been suggested that the method
used by Hoppe and Illmensee to enucleate the embryo may have left a small portion
of the paternal pronucleus within the oocyte. This contribution from the paternal
genome may have been enough to support development to term (McGrath and Solter

1984a).

1.4.2 Development of murine androgenones

Androgenetic embryos were first constructed by Modlinski in 1975, by
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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 maternal pronucleus
(McGrath and Solter 1984a). Sixty-four percent of these androgenones developed
to morulae or blastocysts, although more recent work shows that a smaller percentage
(10-20%) is usually expected (Howlett 1988, Howlett et al 1989). Barton et al
(1984) examined the post-implantation development of androgenetic embryos. After
transferring 122 androgenetic embryos, 23% implanted and only 8 embryos were
recovered from the uterus on day 10 of pregnancy. These androgenones typically
developed to the 5 somite stage but had comparatively large extra-embryonic and
yolk sac components compared to the size of fetal tissue. Failure of development of
25% of diploid androgenones can be explained by the YY genotype. YY 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 Disparity in the post-implantation development of gynogenetic and

androgenetic murine 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. Of 228 gynogenetic embryos transferred to pseudopregnant recipients,
18.4% implanted (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 components compared to the size of fetal tissue (Barton et al 1984). In
contrast to gynogenones where fetal development is slightly retarded and extra-
embryonic tissues are sparse, androgenetic fetuses are extremely retarded with

extensive proliferation of the extra-embryonic membranes.

Some parthenogenetic and androgenetic embryos carry a diploid genome. There may
be no chromosomal deletions or mutations on these genomes, but 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 that each
parental genome plays a very different role in early embryogenesis. The maternal
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, Howlett et al 1989). Therefore, the parental origin of the
genomes must in some way confer differential expression states on the chromosomes.
These chromsomes must be able to "remember" their parental origin by carrying some

sort of imprint.

1.5 RECONSTRUCTION OF MURINE BLASTOCYSTS

It was postulated that 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 with pronase, the ICM can be cut from the TE with a microneedle.
The TE component forms trophoblastic vesicles within approximately 3 hours of this
procedure (Barton et al 1985). It was proposed that 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. When Barton et al (1985) carried out this procedure, they found that
some embryos developed to 30-40 somites. This was the furthest that
parthenogenetic fetuses had developed indicating that the normal cells of the TE
supported more extensive development of the parthenogenetic fetal component 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 that embryos required both

maternal and paternal contributions to support full-term development.

1.6 CONSTRUCTION OF MURINE CHIMERAS

To investigate the ways in which parthenogenetic cells can be supported by cells from
normal 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
normally and continue to term. Viable progeny are produced with approximately
equal contributions of cells from each embryo to all tissues (Tarkowski 1961, Mintz
1962, McLaren 1976). Chimeras between two different embryos are notated using
a double headed arrow. For example, a chimera between a parthenogenetic and a

normal embryo is written as a parthenogenetic <-> normal chimera.

1.6.1 Development of parthenogenetic <-> normal chimeras

Parthenogenetic cells can differentiate and contribute to tissues of normal, viable
chimeric offspring when aggregated with normally fertilized embryos at cleavage
stages (Stevens et al 1977, Surani et al 1977, Anderegg and Markert 1986). After
aggregation of 8-cell parthenogenetic embryos with 8-cell fertilized embryos,
Anderegg and Markert (1986) observed normal development to blastocyst with 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 Markert 1986, Thomson and Solter 1989). Parthenogenetic cells are
clearly capable of differentiation when they are supported by normal cells, but rates
of proliferation may not be normal. Differentiation of parthenogenetic cells has also
been demonstrated in extra-uterine sites such as the testis and kidney capsule (Iles

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 with 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 demonstrated that during post-implantation 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 elimination of parthenogenetic cells from the TE occurs before 6.5 days
gestation (Clarke et al 1988, Thomson and Solter 1989) when embryos are
undergoing extensive differentiation and proliferation. Not only does elimination
occur at these early stages but parthenogenetic cells are specifically eliminated 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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elimination of parthenogenetic cells in aggregation chimeras is both tissue specific
and dependent on stage of development. Parthenogenetic cells may be eliminated
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 elimination 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 that approximately
50% of murine parthenogenones die during the peri-implantation 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 time-points,
developmental events were occurring in which parthenogenetic cells were not capable

of participating (Varmuza et al 1993).

1.6.2 Development of androgenetic <-> normal chimeras

In contrast to the selective elimination of parthenogenetic cells from the
trophectodermal derivatives of chimeras (as discussed above), participation of
androgenetic cells in development is specifically confined to the trophectodermal
derivatives. Surani et al (1988) found that after transferring androgenetic <->
fertilized chimeras to pseudopregnant recipients, 32% reached parturition but none
of the progeny contained androgenetic cells. In a second series of experimen.ts where
fetuses were examined at day 10 of gestation, however, androgenetic cells were

present but 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 eliminated 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 information 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 with purely maternal or
paternal genes are incorporated into chimeras with 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
marked in some way throughout development, and moreover, behave differently

because they are derived from different parents.

1.7 THE EFFECTS OF CHROMOSOME DELETION/DUPLICATION ON
MURINE EMBRYONIC DEVELOPMENT

Until 1985 the study of differential parental effects had involved the extreme
approach of exchanging whole parental genomes and the possibility that
chromosomal regions or spécific genes were imprinted had not been investigated.
Study of parental inheritance of some chromosomal deletion/duplication mutations

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 mutations (Erickson et al 1978). In 1976, Spiegelman et al had found that

inheritance of the t*"3

mutation, contained within the T/t locus through the paternal
line caused unusually high rates of lethality, although maternal transmission had no
phenotypic effect. Likewise the hair-pin tail mutation (t"), also contained within 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). McGrath and Solter (1984b) confirmed that 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 maternal copies without a paternal copy (maternal disomy) of this

region of chromosome 17.

Understanding 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 maternally or paternally derived (Cattanach and Kirk 1985,
Cattanach 1986). Parental duplication (disomy) or deletion (nullisomy) of particular
chromosome regions was achieved by crossing animals with different Robertsonian
translocations. In mice, Robertsonian translocations are produced when normal

separation of chromosomes fails to occur due to centric fusion of pairs of
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chromosomes so that offspring receive either two copies or no copies of a
chromosome from one parent, but still retain a diploid chromosome constitution.
Cattanach (1986) found that parental disomy or nullisomy of most chromosome
regions produced normal viable mice. In some cases, however, very different

phenotypic effects were evident.

Maternal 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 (Cattanach 1986). Maternal disomy produced hypokinetic offspring
which had arched backs and flat-sided bodies. Paternal disomy, however, resulted in

hyperkinetic individuals with short, square and flat bodies.

Cattanach (1986) also found that maternal and paternal duplication of other
chromosomal regions produced viable mice but with strikingly different phenotypic
variations depending on parental inheritance. Maternal disomy of chromosome 11
produced viable animals that were approximately 30% smaller than their normal

littermates. In contrast, those mice inheriting a paternal disomy of chromosome 11
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were born approximately 30% larger than their normal littermates. 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 development of the embryo.

After finding that 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 imprinting in the genome.

1.8 THE EFFECTS OF GENOMIC IMPRINTING ON THE DEVELOPMENT
OF TRANSGENIC MOUSE EMBRYOS

When 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
known as transgenes and serve as genetic markers. Transgenes are usually
transcriptionally active but functionally inactive when used as genetic markers.
Transgenes have been used to study the inheritance patterns of parts of the genome;
to learn more about where imprinted regions are found within the genome; and what

mechanisms may be responsible for imprinting.

Swain et al (1987) used a strain of transgenic mice carrying a RSV-5107 autosomal
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