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ABSTRACT

In the developing mouse embryo, the diploid trophectoderm is known to

undergo a diploid to giant cell transformation.

These cells arise by a process

of endoreduplication, characterized by replication of the entire genome without

subsequent mitosis or cell division, leading to polyploidy and the formation of
giant nuclei.

Studies of 13.5 day rat trophoblast derived from the parietal

yolk sac have indicated a relatively low rate of DNA polymerase a activity, the
noinnal eukaryotic replicase,

These

in comparison to that of DNA polymerase g.

results have suggested that endoreduplication in trophoblast giant cells may not

employ the normal replicase enzyme, DNA polymerase a.
In order to determine whether a 'switch'

polymerase

is a

from DNA polymerase

to DNA

necessary concomitant of the diploid to giant cell

transformation, two distinct populations of trophoblast giant cells, the primary

giant cell derived from the mural trophectoderm and the secondary giant cell
derived from the polar trophoectoderm were used.

These two populations of

trophoblast giant cells can be obtained from the tissue outgrowths of 3.5da
blastocysts and the extraembryonic ectoderm (EX) and ectoplacental cone (EPC) of
7.5 day embryos respectively.

Tissue outgrowths were treated with aphidicolin, a specific reversible
inhibitor of eukaryotic DNA polymerase a, on various days after explantation.
The effect of aphidicolin treatment was assessed both qualitatively, using

autoradiography and quantitatively by scintillation counting and Feulgen
staining.

DNA synthesis was measured in control and treated cultures after a
thymidine pulse.
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Scintillation counts of the embryo proper revealed that DNA

synthesis was consistently inhibited by greater than

907.

in the presence of

n
aphidicolin.

Inhibition of DNA synthesis in the EX and EPC varied between

81-957. and 82-987. respectively,

by DNA polymerase

a,

indicating that most DNA synthesis was mediated

but that a small but significant amount of residual

synthesis was indicated.
A qualitative approach was then applied to determine whether the apparent

residual DNA synthesis was restricted to a subpopulation of giant cells or

whether all giant cells displayed a low level of DNA synthesis.

Autoradiographs

of the ICM of blastocysts and the embryo proper of 7.5da embryos, which acted as

diploid control population, was completely inhibited regardless of duration in
explant culture. In contrast, primary trophoblast giant cells derived from

blastocysts and secondary giant cells derived from the EX and EPC were observed
to possess

some heavily labelled cells after aphidicolin treatment. These

results suggest that although DNA polymerase a is the primary replicating enzyme

responsible for endoreduplication in mouse trophoblast giant cells, some nonactivity is also observed.
A DNA polymerase assay employing tissue lysates of outgrown 7.5da embryo,
EX and EPC tissues was used to attempt to confirm the presence of higher non-

activity in tissues possessing trophoblast giant cells. Employing a series of
inhibitors of DNA polymerases, it would appear that DNA polymerase a is the

major polymerase active in all tissues of the 7.5da mouse embryo. The nature of
the putative residual DNA synthetic activity could not be unequivically

determined in this study.
Therefore, these results suggest that both primary and secondary

trophoblast giant cells possess and use DNA polymerase a in endoreduplicative
DNA synthesis.

It would appear that the high levels of DNA polymerase

g

activity reported in trophoblast tissue derived from the 13.5 da rat yolk sac
was not a general feature of all endoreduplication.
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INTRODUCTION

The fetal part of the chorioallantoic placenta and the parietal yolk sac in
rodents contain giant trophoblast cells which are unique among mammalian cell
types in that each nucleus may contain many times the haploid amount of DNA
(Zybina, 1961; Zybina, 1963; Hunt and Avery, 1971; Barlow and Sherman,
1972).

During the process of implantation the outer cell layer of the

developing blastocyst, the trophectoderm, is transformed into trophoblast cells

which gradually cease cell division but continue to replicate their DNA.

Zybina

(1961;1963) has proposed that this phenomenon occurs by a process of endo-

reduplication

replication of the nuclear material without subsequent

i.e.

mitosis and cell division.

Endoreduplication of the entire genome continues to

occur by repetitive replication cycles up to approximately

Day 16 of pregnancy

(Jollie,1961).
The polyploidization evident in the formation of trophoblast giant cells is
a unique example of extreme overreplication of the mammalian genome.

Operating

within the trophoblast giant cell is an anomalous cell cycle which is
characterized by obstruction of early division mechanisms such that the cells
are in permanent interphase (Pearson, 1974).

These nuclei represent a unique

system in which to study the mechanism of mammalian DNA replication as well as
the characterization of the DNA polymerases which are active during the process

of polyploidization (Kalf et al,1980).

Essentially all eukaryotic cells possess three distinct DNA polymerases
a,g and y

.

Considerable controversy has surrounded the question of the exact

functions of these polymerases and whether these functions are unique to the

appropriate enzyme

.

It is now generally accepted that DNA polymerase a is

the principal DNA polymerase required for DNA replication( Huberman, 1981).

'-p.

i

?n

q

AHH

Polymerase

g

is normally responsible for DNA repair type synthesis

(Bertazzoni

et al,1976) while DNA polymerase y has been attributed the function of

mitochondrial DNA replication (Hubscher et al,1979;Zimmerman et al, 1980).
Sherman and Kang (1973) investigated the possibility of either a quantitative or qualitative change in the DNA polymerase activities derived from

midgestation trophoblast as compared to equivalent embryonic tissue and

maternally derived mitotically inactive decidual tissue.

No significant

qualitative differences between these tissues were observed on the 11 th day of

gestation (Sherman and Kang, 1973).

More recently Kalf et al (1980;1981a,b

)

have reported that trophoblast nuclei derived from 13 day rat parietal yolk sac
possess an abundance of DNA polymerase

g

or y activity.

Furthermore, DNA

polymerase a activity is observed to drop precipitously by

Day 12.

907.

between Day 11-

Detailed results involving inhibitor studies with 13 day rat

trophoblast nuclei have indicated a predominance of DNA polymerase

g

activity

which was shown to be replicative rather than repair type synthesis (Siegel and
Kalf, 1982).

From these results it has been suggested that DNA polymerase

g

rather than a is actively involved in endoreduplicative DNA synthesis at this
time in development.

Within the developing embryo, two distinct populations of trophoblast giant
cells can be identified.

The primary giant cells are derived from the mural

trophectoderm and can be distinguished from the polar trophectoderm by day 4.5
of gestation.

The secondary giant cells develop following implantation and are

derived from the polar trophectoderm which overlies the ICM.

The secondary

trophoblast giant cells proliferate and progressively undergo the diploid to
giant cell transformation such that the entire conceptus will eventually become

surrounded (Dickson, 1963)
At present, the nature of the trigger for the mechanism for giant cell

*'
I

.

'^

formation and the subsequent molecular events which are concomitant with the
onset of giant cell formation and the process of endoreduplication remain
unclear.
a

Kalf et al (1980;1981) and Siegel and Kalf (1982) have suggested that

'switch* from the primary DNA replicase in diploid cells, DNA polymerase a, to

either polymerase

3

or y, is associated with endoreduplication in mature

secondary giant cells. However, these trophoblast giant cells are no longer

actively involved in the diploid to giant cell transformation but rather they
are in the maintainance process of endoreduplication, so it is unclear at which

point during giant cell transformation this switching takes place.

The peri- and postimplantation mouse embryo at 3.5 and 7.5 days of

development are particularly well suited to an investigation of the diploid to
giant cell transformation.

Blastocysts can be easily manipulated and outgrown

in culture, providing a pure population of primary trophoblast giant cells.

Embryos at 7.5 da of development can be dissected into three distinct tissues,
the embryo proper (EM),

cone (EPC).

the extraembryonic ectoderm (EX) and the ectoplacental

The embryo proper represents derivatives of the inner cell mass and

serves as a control population of diploid cells, while the EX and EPC are

sources of secondary giant cells. The EX is initially diploid but initiates a

transformation to giant cells following several days in explant culture (Rossant
and Tamura-Lis,1981).

The ectoplacental cone is predominantly diploid but does

contain some giant cells from the onset of culturing.

The EPC represents a

population of cells which are actively undergoing the diploid to giant cell

transformation over time in culture (Rossant, 1977 ;Rossant and Ofer,1977).
The emphasis of the present study was to elucidate some of the underlying

molecular changes which accompany the diploid to giant cell transformation in
both primary trophoblast giant cells derived from the 3.5 day blastocyst and

secondary giant cells derived from the diploid EPC of 7.5 da embryo, in
particular, in changes in DNA polymerases as indicated possible by previous
studies.

Elucidation of these changes could provide a useful marker for this

system, as the diploid EPC could be distinguished from trophoblast giant cells

on the basis of their differential sensitivity to specific DNA polymerase

inhibitors, in addition to providing a more complete understanding of the

process of endoreduplication.

This investigation involved the use of specific

Inhibitors of DNA polymerases which were employed in order to determine whether

qualitative changes in DNA polymerase activity are associated with the giant
cell transformation and subsequent endoreduplicative DNA synthesis.

Aphidicolin, a specific reversible inhibitor of eukaryotic DNA polymerase

a, (Bucknall et al,1973;Ikegami et al,1978) has been used extensively throughout
this study to identify the nature of replicative and endoreduplicative DNA

synthesis.

1
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LITERATURE REVIEW

EARLY DEVELOPMENT IN THE MOUSE

Preimplatitation development in mouse embryos is comprised of five cleavage

divisions, characterized by cell division without subsequent growth.

Within

24-48 h of fertilization, the eggs of all mammals undergo cell division to give
two blastomeres of approximately equal size.

compaction occurs at the 8-16 cell stage.

The morphological event of

Compaction is characterized by the

disappearance of the outline of individual blastomeres, as cells come into close
apposition, as well as the formation of tight junctions at the periphery
(Ducibella and Anderson, 1975; Smith and McLaren, 1977)
by the first dif f erentiative event, blastulation.

.

This event is followed

During this time the 32-64

-celled embryo known as the blastocyst, moves from the oviduct into the uterus.

Following blastulation at 3.5 days post coitum, two distinct cell lineages
become apparent, the inner cell mass (ICM) and the outer trophectoderm
(Gardner, 1975a, b).

The ICM cells are less restricted in their potential for

development; derivatives of this cell type proliferate extensively and

ultimately give rise to all the germ layer components of the embryo proper as
well as some of the extraembryonic membranes (Gardner and Rossant,1976). The

trophectoderm cells of the mouse blastocyst appear to give rise to only those
cell types (i.e. trophoblast, ectoplacental cone, extraembryonic ectoderm and
the chorion) which comprise the fetal moiety of the placenta (Rossant and

Papaioannou,1977).

Approximately 24h after blastulation, at the 64-128 cell

stage, the mature expanded blastocyst sheds the zona pellucida which has

surrounded it throughout the preimplantation stage of development (Snell and
Stevens, 1966)

.

At the same time 24h after entering the uterus, the blastocyst

becomes contained within a uterine crypt on the antimesometrial side of the

.

5 s re

.,1

»ii3

6.

lumen.

The close contact of the blastocyst

with the uterine epithelium sets up

changes at the implantation site resulting in the localized degeneration of the

epithelium with the simultaneous commencement of growth within the uterine
stroma, leading to an appreciable swelling in the uterus at the implantation
site.

This swelling is known as the decidua (Snell and Stevens, 1966) and will

completely enclose the embryo until approximately day 11 (Figure 1).
By the fourth day of development, two populations of trophectoderm may
be distinguished, the polar trophectoderm overlying the ICM and the mural

trophectoderm which is in association with the blastocoelic cavity.

Initially,

the mural and polar trophectoderm cells have similar properties, though once the

zona pellucida is lost their individual fate is markedly different (Gardner et
al, 1973 ).

FATE OF TROPHECTODERM

Having established the origins of the trophectoderm, it is now pertinent to
further consider this tissue and its derivatives exclusively, as these

derivatives will give rise to the trophoblast giant cells

.

What is the fate of the trophectoderm in later development?

The first

morphological signs of differentiation between trophectoderm cells occurs around
4.5 days, when the mural trophectoderm cells cease dividing and start to undergo

giant cell formation, resulting in the primary trophoblast giant cells (Zybina,

1961;Dickson,1963;Sherman et al 1972).

The polar trophectoderm cells overlying

the ICM continue to divide and are thought to form the extraembryonic ectoderm,

ectoplacental cone (EPC) and secondary giant cells, which later comprise

707.

of

the placenta (Rossant and Croy,1985).

Evaluation of the fate of the polar trophectoderm of the blastocyst is not
easily achieved due to technical limitations in the isolation of intact tissue

.
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FIGURE:!

EARLY MAMMALIAN DEVELOPMENT AND ESTABLISHMENT OF
TROPHECTODERM LINEAGES

Preimplantation development is characterized by five
cleavage divisions up until day 3.5 when the first
dif ferentiative event occurs establishing the inner
cell mass (ICM) and the outer trophectoderm lineages.
Implantation occurs at 4.5 days at which time further
differentiation of trophectoderm is apparent. Trophectoderm overlying the blastocoelic cavity becomes
known as the mural trophectoderm and gives rise to
primary giant cells, while that overlying the ICM,
the polar trophectoderm, proliferates forming the
ectoplacental cone (EPC) which ultimately gives rise
to secondary giant cells.
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This has resulted in extrapolation of data from indirect techniques.
studies have involved the technique of the 'reconstituted blastocyst'.

'reconstituted blastocyst

'

These
The

is constructed by manipulating blastocysts from two

genetically different individuals, most frequently employing the isozymic
variants of glucose phosphate isomerase (GPI).

The ICM derived from a

blastocyst homozygous for one variant of GPI is microinjected into an intact
blastocyst which is homozygous for the other variant.

The host ICM with its

overlying trophectoderm is cut away from the injected ICM and the remaining
trophectoderm. The trophectoderm layer seals and reforms an "intact"

reconstituted blastocyst containing two distinct cell types with different
enzyme markers for GPI.

Transfer of the reconstituted blastocyst to a

pseudopregnant recipient results in normal embryonic development and
subsequently tissue origins may be discerned by GPI analysis.

Results obtained

using this technique have revealed that the entire EPC and giant cell fraction
of midterm conceptus was derived from the trophectoderm.

However, a minor

trophectoderm contribution to the embryo plus membranes fraction was detected
(Gardner et al, 1973

).

Further elucidation of the trophectoderm lineages has

been accomplished by means of constructing interspecific chimeras, where the
ICMs derived from rat blastocysts were injected into mouse blastocysts (Gardner

and Johnson, 1973,1975) or through aggregation of rat ICMs with mouse morulae
(Rossant, 1976).

These experiments have provided evidence that the minor

contribution was to the extraembryonic ectoderm.
Most previous studies have relied on electrophoretic analysis of

glucose phosphate isomerase (GPI) isozymes in tissue homogenates dissected from
later stage embryos in order to obtain sufficient tissue.

This approach is

susceptible to cross contamination of tissue and the possibility that minor

contributions to some tissues may be obscured or unnoticed.

Rossant et al

•f

'

:

-)r>-f

'

;;

'

<'

-\--

10.

(1983) have made use of the elegant 'reconstituted blastocyst*

technique in

order to determine unequivocally the fate of the ICM and trophectoderm.

A

radlolabelled cloned DNA probe to Mus musculus satellite DNA has been used as an
in situ cell marker to permit the identification of Mus caroli and Mus musculus

cells derived from blastocysts reconstituted with M. musculus trophectoderm and
M.

caroli ICM.

Direct analysis of the development of reconstituted blastocysts

using the marker system has confirmed all previous indirect studies of ICM and

trophectoderm fate (Rossant et al, 1983).

Earlier studies had suggested that

the ICM gives rise to the embryonic ectoderm and endoderm while the trophectoderm

produces the extraembryonic ectoderm, ectoplacental cone and giant cells (see

Rossant and Papaiaonnou,1977 for review).

GIANT CELL FORMATION IN TROPHOBLAST LINEAGES IN THE INTACT EMBRYO

The division of the trophectoderm at the expanded blastocyst stage into

mural and a polar component is fully justified on functional grounds, in that
they give rise to two distinct cell lineages.

The mural trophectoderm cells

which surround the blastocoelic cavity and are distal from the ICM cells
stop dividing, and after implantation form the primary mononuclear trophoblast

giant cells (Dickson, 1963).

Ansell (1975) has calculated the doubling time for

DNA content to be of the order of 8-9 h in the primary giant cells of outgrown

blastocysts.

This short 'cell cycle' for the blastocyst is markedly different

from that of the postimplantation stage trophoblast tissue at 6-11 days of

development where the largest class of trophoblast nuclei have a 'cell cycle' in
the order of 24h (Barlow and Sherman, 1972).

Kaufman (1983) reported that no giant cells were observed in the implanting
blastocysts isolated during the early morning on the

5

th day of pregnancy

whereas individual antimesometrially located trophectoderm cells in the embryo

11,

examined during the early afternoon on the 5th day showed clear evidence of

giant cell transformation.

These observations serve to stress the point that

the transition from a mitotically active diploid state to the non-dividing state
in which polyploidization of the DNA occurs is a fairly gradual process.

The

first suggestion of giant cell transformation reported by Barlow et al (1972)

occurred late on the 4 th day of development (117h post HCG), based on air dried

preparations of blastocysts examined by microdensitometry, although the exact
timing is likely to vary slightly between strains of mice.

Several studies have

presented results which suggest that the onset of polyploidy is independent of
the Implantation event and,

in fact, precedes it (Graham,

1971a; Barlow et al.,

1972).

Giant cell transformation eventually involves the whole trophectoderm
except those cells in the region immediately overlying the ICM (Dickson, 1963).

About the same time that the mural trophectoderm initiates primary giant cell
formation, the polar trophectoderm overlying the ICM continues to divide (Copp,
1978), possibly as a result of an inductive interaction with the ICM, and

provides a stem cell population which gives rise principally to the ecto-

placental cone (EPC), and further mural trophoblast cells at its periphery
(Gardner and Papaioannou,1975).
Copp (1979) has investigated the fate of polar trophectoderm cells using

melanin as a marker in histological sections, and reports that there
movement of cells from the polar

to

is a

proximal mural trophectoderm i.e those cells

surrounding the blastocoelic cavity midway between the polar and mural regions,
during mouse development.

Furthermore, these results are consistent with a

movement of cells, during the same period, from the proximal to distal mural
subregions (Copp, 1979).

With the considerable degree of cellular proliferation in the EPC, the

12,

cells at its periphery become located some distance away from the sphere of

influence of the ICM, and transform into the secondary giant cells (Snell and
Stevens, 1966).

Secondary giant cell formation is probably Initiated on day

5

or 5.5 as nuclei derived from the EPC containing 32-64 C in DNA content can be

observed by day

6 of

gestation.

The increase in ploidy levels in trophoblast

cells steadily continues up until day 11 where no further increase is observed

thereafter (Barlow and Sherman, 1972).

EVENTS TRIGGERING THE DIPLOID TO GIANT CELL TRANSFORMATION

Trophoblast proliferation at the late blastocyst stage in the mouse depends
on the presence of the inner cell mass (ICM).

Considerable amounts of

experimental evidence has been obtained to confirming the necessity of the

presence of the ICM for trophoblast proliferation.

Trophectodermal vesicles

devoid of any ICM, produced microsurgical ly, are capable of implantation in
utero and hatching and outgrowth in vitro , but they do not show any further

mitotic activity. DNA synthesis is maintained and giant cell transformation
ensues (Gardner and Papaioannou,1975)

.

Ansell and Snow (1975) have shown that a

progessive reduction in ICM volume promotes increased giant cell transformation
and reduced proliferation in trophoblast. Trophectoderm cells in contact with
the ICM continue to divide and remain diploid, while cells that migrate away

from the influence of the ICM form trophoblast giant cells (Gardner, 1972;

Barlow and Sherman, 1972; Gardner et al, 1973).

Barlow and Sherman (1972) have

suggested that early developmental events such as the formation of the

blastocoelic cavity may in some way trigger polyploidization of trophoblast.

The

blastocoele may confer upon the presumptive trophoblast cells (mural trophectoderm) surrounding it a unique microenvironment not experienced by the other

embryonic cells, as these cells are not in contact with the ICM, and as such

13.

they may be uniquely exposed to specific physical stresses involved in the

cavitation process.

However, this hypothesis does not explain the formation of

a large number of morphologically indistinguishable secondary giant cells that

occur slightly later in development in circumstances in which the involvement of
the blastocoele is no longer relevant (Gardner et al,1973).

Gardner et al (1973) have proposed that the diploid ectoplacental
trophoblast located most distant from the sphere of influence of the ICM and its

derivatives transform into the secondary giant cell population.

That is, ICM

derivatives are required to maintain diploidy in postimplantation trophoblast as
well as preimplantation trophoblast (Gardner and Papaioannou, 1975;Rossant,
1975).

Evidence for this hypothesis is provided by studies on the potency of
isolated diploid extraembryonic ectoderm and EPC.

It has been shown that

extraembryonic ectoderm from 5.5 and 6.5 day embryos can form morphological
giant cells in ectopic sites (Gardner and Papaioannou, 1975).

Although the

extraembryonic ectoderm continues to differentiate, giving rise to the ectoderm
of the chorion in vivo between 6.5 and 8.5 days, the chorionic ectoderm from

7.5 and 8.5 day embryos can still form giant cells both in ectopic sites and in

vitro (Rossant, 1977).

Microdensitometric measurements on in vitro cultures

reveal that cells with 128X the haploid DNA value can be formed, with few

remaining diploid after a week in culture (Rossant and Of er, 1977).
Thus, diploid ectoplacental cone tissue up to 7.5 days and extraembryonic

ectoderm up to 8.5 days of gestation are uncommitted and still retain the
potential for giant cell formation.

Isolation of diploid trophoblast from

within the interior of the ectoplacental cone becomes technically more difficult
beyond the 8.5 days, but experiments on the growth of 9.5 day diploid placental
tissue in ectopic sites suggests that giant cells can still be formed at that

M

->

r>o

.
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stage (Rossant, 1977). Thus it appears that giant cells can be formed from the

diploid trophoblast when isolated from ICM derivatives at least until 9.5 days
of gestation.

The mechanism of influence of the ICM on giant cell formation

remains unknown as no marker is presently available which operates at the time
of the diploid to giant cell transformation and so it is difficult to study the

onset of endoreduplication.

Some cells in the EPC remain diploid and

mitotically active despite being separated from ICM derivatives by several
layers of trophoblast (Copp,1978).

The ICM is necessary for trophoblast

proliferation and hence the formation of the EPC is specifically dependent upon
the presence of ICM cells but trophoblast cell which have been isolated from ICM

derivatives may continue dividing for some time in culture (Rossant and Ofer,
1977). It is possible that the inductive stimulus is diffusible and acts over a

distance, or alternatively, that cells retain the ability to divide for a

certain length of time after losing contact with the ICM (Gardner and
Papiaoannou,1975)
The giant cells which arise in vitro

,

from the extraembryonic ectoderm

are not due to an abnormal response to ectopic growth (Rossant, 1977) since

embryonic ectoderm does not produce giant cells under the identical conditions.

Furthermore, electrophoretic analysis of proteins synthesized by giant cells

developed from both diploid EPCs and extraembryonic ectoderm are essentially
identical in the two tissues (Johnson and Rossant, 1981)

.

Culture of extra

embryonic ectoderm cells in vitro resulted in conversion of their polypeptide
synthetic profile to that of EPC after

2

days and of giant cells after

6

days,

whilst culture of EPC cells converted their polypeptide synthetic profile to
that of giant cells after only 4 days (Johnson and Rossant, 1981).

Finally,

extraembryonic ectoderm derived from 5.5 and 6.5 day embryos has been shown to
colonize up to

507.

of the giant cell fraction of later stage conceptuses after

.
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blastocyst injection (Rossant, et al,1978), illustrating the potential of
extraembryonic ectoderm to act as a stem cell population for recruitment to
trophoblast to generate new giant cells in the intact embryo (Johnson and

Rossant

,

1981).

These observations led Rossant and Tamura-Lis (1981) to propose a model
for the postimplantation trophoblast lineage in which extraembryonic cells act
as stem cells for all other trophoblast cell types.

This model envisions a

unidirectional pathway of differentiation in which the diploid polar
trophectoderm of the blastocyst gives rise to the extraembryonic ectoderm.

This

pluripotent tissue is capable of continued self-renewal or of producing diploid
EPC cells. EPC cells have a limited capacity for self-renewal and are committed
to secondary giant cell formation (Rossant and Tamura-Lis, 1981 )

EXTENT OF POLYPLOIDIZATION IN TROPHOBLAST GIANT CELLS

Various groups have demonstrated that the giant cells surrounding the early

conceptus are capable of actively synthesizing DNA (Atlas etal, 1960;Saccoman et
Hunt and

al,1967(in mouse) ;Jollie, 1964(in rat); Zybina, 1961,1963(in rabbit)).

Avery (1971) have shown that ectopic grafts of 3.5da blastocysts beneath the

kidney capsule undergo massive Feulgen positive DNA increases between
days after grafting.

5

and 10

These results indicated that trophoblast giant cell

formation does involve large Increases in nuclear DNA.
What is the mechanism of accumulation of DNA in trophoblast giant cells?

Three mechanisms have been proposed:
(1) Uptake of maternal nuclei or macromolecular DNA as the trophoblast

cells invade the endometrium
(2)

the formation of syncytial trophoblast by cell fusion followed by

fusion of nuclei.

saiifT
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(3)

Endomitosis with the formation of polytene or polyploid chromosomes

(Chapman et al, 1972).
The possibility that polyploidy arises by engulfment of maternal cells

following Implantation (Jollie,1964; Galassi, 1967) is unlikely because

trophoblast can proceed to relatively high ploidy values in the absence of any

foreign cells i.e. in vitro studies in the absence of maternal decidua.
Some investigators have suggested that trophoblast giant cell nuclei are

formed by fusion of adjacent trophoblast cells.

While fusion is compatible with

the morphological appearance of multinucleated cells, Chapman et al (1972) have

presented convincing experimental evidence that this hypothesis is false.
Chimeric aggregations were made between GPI-IA and GPI-IB embryos which were
transferred to pseudopregnant recipients and subsequently dissected
day of normal development.

on the 11th

An additional series of experiments involved the

transfer of GPI-IA embryos to recipients of the GPI-IB type.

Electrophoretic

analysis of trophoblast tissue did not produce any evidence of a heteropolymeric
(GPI-lAB) band.

These data indicate that trophoblast cells do not functionally

incorporate maternal DNA nor do they form syncytial heterokaryons by cell fusion
(Chapman et al,1972).

Following an extensive study of trophoblast giant cells in the rat and
rabbit, Zybina (1961;1963) proposed that giant cell formation occurs by a

process of endoreduplication which is characterised by DNA replication without

subsequent mitosis and cell division, resulting in the formation of polytene
chromosomes (Zybina, 1970).
In view of the claim of Zybina (1970) that the giant nuclei of rat

trophoblast contain polytene chromosomes with a distinct chromomere banding
pattern. Barlow and Sherman (1972) directed their attention to the morphology of
the giant cell nuclei in the mouse.

Some nuclei were observed to possess
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chromatin that had a fibrillar appearance, but for the most part these fibrils
showed no particular orientation within the nucleus, nor was there any apparent
lateral attraction to form a single polytene chromosome unit.

Further cyto-

logical studies did not reveal any structures resembling polytene chromosomes
in either rat or mouse trophoblast giant cells (Barlow and Sherman, 1974).

Snow

and Ansell (1974) concluded that the giant nuclei of mouse trophoblast have the

normal diploid number of chromosomes which show a considerable degree of
polyteny.

This type of polyteny is markedly different from that found in

Drosophila since trophoblast giant chromosomes have a full complement of
satellite DNA and do not show a close association of homologous chromatids.

No

evidence of polytene chromosomes has been observed following DNA hybridization
using a biotinylated satellite probe (major satellite) where there was no
obvious signs of aggregation indicative of polytene chromosomes (Rossant and

Vijh,1985 personal communication).
There is a considerable body of evidence which supports Zybina's initial

contention that endoreduplication of the genome is responsible for giant cell
formation.
the series

A geometric progression of nuclear C value
2

classes according to

would be consistent with this type of replication.

Barlow and

Sherman (1972) have investigated endoreduplication in trophoblast nuclei between
the 5 th and 11 th days of pregnancy in the mouse.

Trophoblast development in

utero in the first half of gestation is accompanied by a rise in the ploidy
levels in giant cell nuclei.

The proportion of trophoblast cells with a DNA

content greater than 4C increases steadily such that on the

7

th day,

87.

of the

total number of nuclei have contents greater than 4C, and by the 8 th and 9 th
days of development 30-407. of the total nuclear population measured have DNA

values greater than 4C (Barlow and Sherman, 1972).

DNA measurements on the

largest of these nuclei indicated that they contain enormous amounts of DNA, up

!».:
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to 850 times the haplold value.

Although this increase does appear to satisfy

the predicted geometric progression,

there also seems to be a population of

trophoblast giant cells which do not display the predicted discrete nuclear
sizes, but seem more precisely described by an arithmetic series of nuclear

sizes.

This result might occur as a result of specific amplification of only

some parts of the genome (Barlow and Sherman, 1972)

.

Sherman et al (1972b) have

carried out a series of biochemical studies designed to distinguish between DNA

accumulation by endoreduplication or specific gene amplification.

In other cell

types with nuclei containing large amounts of DNA, disproportionate amplific-

ation may occur of, for example, ribosomal cistrons or conversely, as in

polytene chromosomes, there may be an underrepresentation of centromeric

heterochromatin and satellite DNA.

If all genes are replicated to the same

extent in trophoblast giant cell nuclei, then one would predict the ratio of
satellite DNA to total DNA should be constant at about

107o

as normally found in

Mus musculus cells. If, on the other hand, specific genes are highly amplified
or if satellite sequences are selectively diminished,

satellite to total DNA would be less than

107,

then the ratio of

(Sherman et al,1972). The ratio of

satellite to total DNA was determined in two ways: 1) by cesium chloride density

gradient centrifugation and

2)

by renaturation studies using hydroxyapatite

columns and DNA extracted from trophoblast tissue derived from embryos on days
10 and 11 of gestation.

Neither of these methods provided any evidence that the

accumulation of DNA in giant trophoblast cells involved underepresentation of
satellite sequences (Sherman et al,1972).

No distinction was made between

primary and secondary giant cells in these studies.

Although the two groups are

indistinguishable as far as nuclear DNA content and phagocytic behaviour are
concerned, they do differ morphologically such that primary giant cells tend to

break up into smaller sub-nuclear fragments (Zybina, 1963).

19.

The process of giant cell formation and subsequent endoreduplication represents a unique example of DNA replication within eukaryotic organisms, with the

possible exception of the limited polyploidization observed in mammalian liver
cells.

It is of interest to understand whether this process of endoreduplication

has any different biochemical requirements from normal replication.

Which DNA

polymerases are present within normal diploid cells and is there any quantitative
or qualitative difference in the DNA polymerase constitution of trophoblast

giant cells?

EUKARYOTIC DNA POLYMERASES AND DNA REPLICATION

Higher eukaryotic cells contain at least three distinct DNA polymerases,

which have been named DNA polymerases a

,

g

and y

•

These DNA polymerases can

easily be distinguished from one another by their chromatographic properties,

molecular weight, sensitivity to N-ethlymaleimide and salts, and ability to copy
various templates (Weissbach,1977).

20.

I.

DNA REPLICATION

DNA replication in eukaryotes is a complex process which has been
extensively studied

in vivo

.

Some of the major advances in understanding

molecular details in DNA replication have come from work with DNA viruses and
other systems which contain relatively small DNA complements, such as

mitochondria, chloroplasts, and naturally occurring extrachromosomal genes from
lower eukaryotes.

Chromosomal DNA synthesis in the nucleus of eukaryotic cells proceeds in a
temporally and spatially regulated pattern on many subchromosomal units of
replication.

Initiation of the DNA synthesis, or

S

phase of the cell cycle

requires the duplication of DNA by a semiconservative mechanism.

,

The resultant

daughter helices carry one parental DNA strand and one synthesized de novo. Once
initiated, polymerization of nucleotides proceeds processively in the

5'

to 3'

direction along each template strand guided by many enzymes and other proteins
that interact with the DNA (Seinin et al, 1978).

Many enzymes and proteins that participate in normal and repair

replication of DNA in eukaryotic cells continue to be identified, isolated and
characterized.

The DNA polymerases have been most extensively studied because

of their clear involvement in DNA synthesis.

Studies with intact cells and

karyoplasts indicate that DNA polymerization is almost entirely confined to
nuclei and to organelles such as mitochondria and chloroplasts (Seinin et
al,1978).

During the eukaryotic

S

phase, DNA replication initiates at multiple

discrete sites spaced irregularly along the chromosome.

Initiation of

replication is carefully controlled at the level of the replication unit (RU) or

replicon in all organisms.

Jacob et al (1963) proposed the replicon model for

21.

The replicon has been defined as a

chromosome synthesis In prokaryotyes.

genetic element, such as an episome or chromosome, that replicates as a

whole,

with a unique origin at which replication initiates and then proceeds linearly
until the element is copied.

However, eukaryotic chromosomes do not replicate

as single elements; rather subsections of certain chromosomes synthesize their

DNA at defined times in the DNA synthetic (S) phase of the cell cycle ie.

multiple units of replication within each eukaryotic chromosome. Replicon
origins are recognized by initiators, specific proteins responsive to sequences

exposed in the higher-order folding of chromatin fibre.

The replicon contains

two loci, an initiator locus and a replicator locus, an origin recognized by the

initiator proteins for the start of replication.
The replication unit is a stretch of chromosomal DNA replicated by two

adjacent growing points which share a common origin and move in opposite
directions from the origin. It is two or three orders of magnitude larger than
an Okazakl fragment, and there are 10

higher eukaryotes.

4

or more such units in the genome of

Many studies have shown that these units are quite variable

in size with most falling in the range of 15-100iim or 50-330 kilobase pairs

(reviewed by Edenberg and Huberman, 1975).

Granted the heterogeneity of unit size (reviewed by Hand, 1978), what then
are the special features of a particular stretch of DNA or chromatin that allow
it to function as an initiation site for a unit?

The question of whether

chromosomal replication origins are located randomly has been intensively
studied, however, no definitive answer has been obtained (Spotlla and Huberman,
1985). Inverted repeat sequences are a prominent feature in the origins of

animal viruses as well as prokaryotic genomes.

The abundance and widespread

distribution of palindromic sequences within the eukaryotic chromosome have been
suggested as a potential Indicator of replication origins (Romberg, 1980).
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Evidence that chromosomal replication origins may occur nonrandomly
arises from studies with certain repeated DNAs: The rDNAs of several species
and the amplified dihydrofolate reductase genes of a Chinese hamster cell
line, however, the resolution of these studies had not heen sufficient to

determine whether initiation occurs at a specific nucleotide sequence or

anywhere within a relatively long stretch of DNA (Spotial and Huberman,1985)
The discovery that certain specific nucleotide sequences (autonomously

replicating sequences) permit extrachromosomal DNAs to replicate autonomously in
yeast cells suggests the possibility that they may correspond to chromosomal

replication origins, but such correlation has not yet been directly
demonstrated.

Other studies suggest that particular nucleotide sequences alone

are insufficient to determine precisely the site and timing of Initiation of DNA

replication eg. the two copies of the mammalian female X chromosome are
replicated at different times in

S

phase, although their nucleotide sequences

are probably identical (Spotlla and Huberman,1985).

It is possible that

specific configurations of DNA with hlstone or nonhistone proteins occurs at

intervals corresponding to the size of replication units, and these serve as

initiation sites.

Changes in these configurations brought about by addition or

removal of chromatin proteins would then control the use of particular sites
(Hand, 1978). It has been suggested that initiation sequences are located within

larger DNA segments that contain palindromes or tandem repeats of unique DNA
lengths. The question of whether termination is determined by specific DNA

sequences or whether it is a movement resulting from the interaction of two

precesslng replication complexes has yet to be resolved (Romberg, 1980).

II.

DNA REPAIR SYNTHESIS

The DNA in living cells is continually subject to deleterious alterations,

23.

some spontaneous, and some Induced by chemicals and radiation and therefore needs

some type of repair capability.

The principle of excision repair Is very simple: the damage Is recognized;
a phosphodlester strand scission is made;

the lesion along with adjacent

nucleotides is excised from the strand containing it; and the deleted stretch
is reconstituted utilising the intact complementary strand as template.

Excision repair is possible only in duplex regions of DNA.

It obviously

cannot operate on single stranded DNA, such as in the region of a replication
fork, where the parental strands have separated.

Two pathways for repair synthesis appear to operate in mammalian cells.

Because they result in different patch or gap sizes they have been termed "long
gap" and "short gap" by analogy with the designations for bacterial systems le.

short repair patches comprise 20-30 nucleotides while long patches Involve

several hundred nucleotides.

The "short gap" pathway operates on the major

damage products of agents that have been called "X-ray like" eg. ionizing

radiation and alkylating agents.

Repair synthesis by this pathway is largely

completed within an hour or two.

For cells irradiated with X or y rays, the

size of the patch inserted has been estimated at 3-4 nucleotides (Hanawalt et al
,1979).

The

"

long-gap" pathway operates on damage caused by agents that have been

described as "UV-llke" eg. UV, N-acetoxy 2-acetlyaminof lurolne (NAAAF) and

aflotoxin B

.

These lesions are thought to distort the DNA helix.

The

frequency of incision breaks remains low throughout the repair period, which
continues for many hours for this class of lesions.

The patch size for repair

of UV damaged DNA in human cells has been estimated by the density labelling

technique to be about 35 nucleotides.
100 nucleotides.

Later reports have cited a value of about

(Hanawalt et al, 1979).
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III. EUKARYOTIC DNA POLYMERASES

A. DNA

POLYMERASE

a

DNA polymerase a was the first of the mammalian DNA polymerases to be
partially purified and studied.

It seems to be ubiquitous in growing cells and

has been found in the calf thymus, human, avian tissues, sea urchins and yeast

(Weissbach,1977).

DNA polymerase

a,

the major DNA polymerase of growing

mammalian cells was first implicated in DNA replication by Chang and Bollum
(1973).

A marked increase in the level of this enzyme was observed when cells

were stimulated to divide.
The location of this enzyme has been a source of intense controversy as it
was once regarded as a cytoplasmic enzyme because 80 percent or more of it was

found in the cytoplasm of aqueous cell extracts (Weissbach,1977; Romberg, 1980).

However, extraction methods that preserve nuclear integrity show the enzyme to
be localized in the nucleus and confirm that DNA polymerase a

is clearly the

principal DNA polymerase required for DNA replication (Huberman, 1981).
The pure enzyme has an acidic isoelectric point i.e. between pH 5.6-6
and is normally assayed in phosphate buffer at pH 7.2

•

One important property

of the enzyme is its sensitivity to solutions of high ionic strength.

The

enzyme is inhibited by salt concentrations above 25 mM (NaCl) and has an

absolute requirement for a divalent cation such as Mg

2+

or Mn

2+

(Weissbach,

1977). The strong tendency of polymerase a to aggregate at low ionic strength has
led to estimates of mass ranging between 70-1000 KD with S values of 5-12

reported in several species (Weissbach, 1977 ;Kornberg, 1980).
of molecular weight suggest a range of 120-220 KD.

The best estimates

The pure enzyme does not

have endo- nor exo- nucleolytic activity (Falaschi and Spadari, 1978).

DNA polymerase a is very active with DNA primer-template combinations.

25.

which are formed by the action of DNase

I

on duplex DNA ("activated DNA') with

gaps of 20-70 nucleotides or deoxyhomopolymers (Kornberg, 1980).

Double

stranded and single stranded DNA's are inactive as templates unless they are

activated by nuclease treatment to produce sufficient
1977).

3' -OH

ends (Weissbach,

Nicked DNA is ineffective, as are RNA or ribohomopolymer pairs

(Romberg, 1980).
Polymerase a activity measured
intracellular replication.

been estimated at

1

in vitro would appear to be adequate for

The rate of fork movement in mammalian cells has

um per minute, which is in the order of 50-60 nucleotides/

Only DNA polymerase a, with an in vitro turnover number of 30 nucleotides/

sec.

sec approaches this value (Weissbach, 1979)

The number of polymerase a

.

molecules per cell, estimated at 20-60 X 10

3
,

appears to be several times

greater than needed to sustain the overall level of DNA synthesis in a
replicating cell (Falaschi and Spadari, 1978).
The similarity of DNA polymerase a to the prokaryotic DNA polymerase III
has led a number of investigators to speculate on the existence of polymerase a
as part of a multisubunit holoenzyme.

The most informative experiments to this

end are the results obtained from DNA polymerase a of Drosophila melanogaster

which has been purified to apparent homogeneity and is functionally the best
defined replicative DNA polymerase from eukaryotes.
four different subunits a,3,Y» and

6.

This enzyme consists of

Whether this four subunit complex is an

in vivo -like holoenzyme form or a fragment of a holoenzyme cannot be decided

since this enzyme has not been isolated with an in vivo- like template (Hubscher,
1982).

B. DNA POLYMERASE 3

DNA polymerase

g

has been purified to homogeneity from calf thymus and

;

V

.

-
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human cells and consists of a single 4S polypeptide of about 40 KD

.

Its basic

Isoelectric point (pH8.5) and the stimulatory effects of high ionic strength

conditions readily distinguish this enzyme from polymerase a (Falaschi and

Like DNA polymerase

Spadari, 1978).

ot,

its template-primer preference is for

gapped DNA, with one exception and one addition, it can also utilize rlbo-

homopolymer templates le. poly r(A):oligo d(T) and it cannot utilize riboprimed
templates (Falaschi and Spadari, 1978; Romberg, 1980).

There are no exonucleases intrinsic to polymerase

3.

It has been repeatedly

noted that the 6-polymerase, in the presence of an activated DNA template,
shows a significant ability to incorporate a single deoxynucleoside triphosphate
into an acid-insoluble form.

This is due to a limited repair synthesis

occurring at the larger number of

3' -OH

ends in the template (Weissbach,1977)

The turnover number of the polymerase

3

is 2.

5

nucleotides per second,

under one tenth the rate of fork movement in animal cells.

Overall

polymerization activity of a growing cell would require action by all the
estimated 60 X 10

3

molecules of polymerase

another argument against the

3

3

in the cell.

This result presents

-polymerase being responsible for replicative

synthesis (Falaschi and Spadari, 1978).
The level of polymerase
that of polymerase

ot,

3

activity in growing cells is only about one-tenth

and it does not correlate with replicative activity.

It

Is generally accepted that DNA polymerase 3 acts in DNA repair and recombination

events (Romberg, 1980).

The best evidence for its role in DNA repair comes

from phyto-hemagglutinin stimulated lymphocytes in which the major increase in

DNA polymerase

3

coincides with a peak of DNA repair capacity and minimal

replication (Hubsher,1979)
polymerase a

,

.

Neuronal nuclei of adult rats, which lack

respond to damage by ultraviolet irradiation with 7-10 fold

elevation of poljrmerase

g

(Hubscher,1979)

.

DNA polymerase

g

is involved in both

.
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"long" and "short" gap repair type synthesis and hence this Is consistent with
the observation that the progress of polymerization catalyzed by polymerase
is entirely non processive (Regan and Setlow,

Evidence for the role of the

1974).

polymerase in other types of DNA synthesis

g

Hobart and Infante (1978) have shown that the

is slight but significant.

B

polymerase increases markedly during the early development of the sea urchin at
a time when the

a polymerase levels remain constant.

DNA polymerase

B

also has

been shown to be capable of synthesis other than repair such as the extension of

D-loops of mitochondrial DNA.

polymerase

3

Furthermore, under specified conditions, DNA

seems capable of chain elongation in an adenovirus replication

system (Ikeda et al, 1980).
There are at least
with the

B-

3

protein factors known, which seem to interact directly

polymerase to control its activity in vitro

.

An 85 KD protein

from HeLa cell nuclei, which binds both single-stranded and duplex DNA,

stimulates

polymerase specifically in HeLa cell extracts and may interact

directly with the enzymes (Blue and Weissbach,1978). A second unique stimulatory
protein has been isolated from the sea urchin. This factor, SF

I,

is 220 KD

with an isoelectric point at pH 5.1. This factor has been shown to form an

active complex with DNA polymerase

B

and ATP (Murakami-Murofushi and Mano,1977).

The third protein factor. Fraction V, known to be active with polymerase

been Isolated from rat cells and acts in

subunits (Mosbaugh et al.,1977).

reversible aggregation of

B

B

has

polymerase

The role of these proteins in vivo is

completely unknown, though they could play a role in binding of the enzyme to

chromatin and recognition of specific template sequences. The participation of
polymerase in the normal replicative mode of DNA synthesis must, therefore,
still be seriously considered (Welssbach, 1979).

C.

DNA POLYMERASE

Y

B
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This enzyme Is, chronologically, the last of the three DNA polymerases to
be described in animal cells; a number of reports identified it as a

reverse transcriptase

"

activity in a variety of uninfected

(Falaschi and Spadari, 1977).

DNA polymerase

"

putative

animal cells

Y is a widely distributed enzyme

that can copy, in addition to natural or synthetic DNA templates, a variety of

synthetic ribohomopolymers.

Gamma polymerase prefers a ribohomopolymer as a

template and as such, this represents a distinguishing characteristic of this

polymerase (Weissbach, 1977).

Like the a and

3

polymerases, they

polymerase

shows a heterogeneous nature when Isolated, and molecular weights from 1.1-3X10

2

have been reported (Weissbach, 1977).

Polymerase y is the enzyme in mitochondria presumably responsible for

replication of mitochondrial DNA.

Although polymerase

y is found in nuclei and

mitochondria of all mammalian cells, there is relatively little of it compared
to polymerase

a and

6

(Romberg, 1980).

Polymerase y

represents only about

percent as much activity as a and 10-25 percent as much as

3

polymerase.

presence in nuclear preparations may be due in part to contamination.

2

Its

However,

the presence of polymerase y in adenovirus DNA synthesis suggests a role in

nuclear DNA

replication (Kornberg, 1980).

In addition, a many fold increase in

the assay value for y polymerase, as well as for

a polymerase, accompanies

replication of polyoma virus, which takes place in the nucleus.

Verification of

this result through isolation of the y polymerase would argue to support a

nuclear, and presumably, a replicative role for this enz)rme (Kornberg, 1980).

III. INHIBITORS OF DNA SYNTHESIS

A considerable amount of knowledge regarding the unique abilities of the
three polymerases has been arrived at through exhaustive inhibitor studies

.

Numerous inhibitors have been identified which are capable of interrupting DNA
synthesis, however the most useful ones must be specific for each of the three
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polymerases per se.
A. General Inhibitors

Inhibitors of DNA polymerases can work by interacting with either the
enzyme, template, initiator, substrates or the complexes between these.

Most

compounds that inhibit DNA synthesis in vitro do not appear to distinguish
between different polymerases (Loeb,1974).

Thiol reagents and metal chelators,

such as o-phenan thro line inhibit DNA polymerase, presumably by interacting at or

near the active sites. The requirement of sulphydryl groups for enzyme activity

importance in the identification and characterization of DNA polymerases.

is of

Low molecular weight polymerases from many tissues have been distinguished from
other tissue DNA polymerases by the resistance of their activity to inhibition
by a sulphydryl-blocking reagent (Weissbach,1977).

The ^polymerase has no requirements for sulphydryl groups leading to the
differential insensitivity of the
such as N-ethyl maleimide (NEM).

B -

polymerase to sulphydryl blocking agents

This chemical agent is therefore highly useful

for studying the activity of polymerase

g

while the other DNA polymerases are

markedly inhibited by this treatment (Weissbach,1977).
Certain analogs of nucleoside triphosphates, modified in the sugar, or
base, are accepted by polymerases for pairing with the DNA template and are

incorporated into nucleic acid functions.
inhibitors of dNTPs for polymerases

g

Dideoxy NTPs are strong, competitive

and y but far less so for polymerase a.

Arabinose analogs of deoxyribonucleotides are useful as anticancer (ara C)
of antiviral (ara A) drugs.

The phosphorylated metabolites of the reagent eg.

ara CTP or ara ATP may inhibit DNA replication by inhibiting the reaction of DNA

polymerase a (Okina and Yoshida, 1978), but not polymerase
1980).

g

and y

(Kornberg,

Among many possibilities and claims for how the drugs act, the most
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tenable are based on incorporation of the arabinosides into DNA where thay

distort the primer template and block further DNA synthesis by chain termination

(Cozzarelli,1977).

Hydroxyurea functions as a potent reversible inhibitor of the mammalian
ribonucleotide reductase and hence blocks the production of all deoxyribonucleotides and hence DNA synthesis (Romberg, 1980).

FdUrd acts to inhibit

thymidylate synthase thereby altering nucleotide triphosphate pools and thus

inhibiting DNA synthesis (Edenberg etal,1978).

Ethidiura bromide, an

intercalating agent, has been shown to cause cytoplasmic mutations and appears
to selectively inhibit mitochondrial DNA synthesis in eukaryotic cells

(Loeb,1974).

Phosphonoacetic acid, despite its simple structure is an effective

antiviral drug and is thought to operate as an analog of inorganic pyrophosphate
occupying an essential site on the enzyme (Kornberg, 1980).

B.

Specific Inhibitors

Inhibitors which target specific DNA polymerases have replaced chemical
agents such as hydroxyurea, 5-Fluorouracil (FdUrd), Ethidium bromide (EtBr) and

phosphonoacetic acid in studies of DNA synthesis and replication.

i)

Dideoxy thymidine triphosphate (d TTP)

The effects of dideoxythymidine triphosphate (d„TTP) have been determined

on DNA polymerases a

,

6,

and

y extracted from nucleosol,

infected (SV-40) CV-1 (African green monkey kidney

)

cells.

was strikingly more resistant to d„TTP than either the

(Edenberg et al,1978).

DNA polymerase

whole uninfected or

DNA polymerase

a

gory polymerase

Bis extremely sensitive

to d.TTP. At a

ratio of d2TTP/TTP of 1:1, incorporation of radiolabelled nucleotide precursors
into an "activated" DNA template was inhibited by over

also extremely sensitive to inhibition by d TTP.

657..

DNA polymerase y is

At a ratio of dTTP/d^TTP of
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0.5, synthesis was inhibited 75-907o. Based on the initial slopes of inhibition

curves, DNA polymerases
than is DNA polymerase a
is a

3

and y are at least 100 times more sensitive to d^TTP

(Edenberg etal,1978).

Since d.TTP, once incorporated,

chain terminator, the resistance of DNA polymerase a to this nucleotide

analog is probably the result of an ability to discriminate between d.TTP and
TTP so that d TTP is less likely to be incorporated.

The alternative mechanism,

excision of incorporated d„TTP by a repair or proofreading exonuclease, is not
likely since DNA polymerase

does not have such an exonuclease activity

(Edenberg etal, 1978).
ii). Aphidicolin

Although DNA poljrmerase

had been generally considered to be the most

likely of the three DNA poljrmerases to be responsible for chromosomal DNA

replication, irrefutable evidence of this had not been obtained until recently.
However, during the late 1970' s, this area of inquiry became one of the most

active areas of research in eukaryotic DNA synthesis.
is nearly over; DNA polymerase

Presently the controversy

a is clearly the principal DNA polymerase

required for DNA replication, and the major credit for this conclusion goes to
the unusual antibiotic, aphidicolin (Weissbach, 1979; Huberman, 1981).

Aphidicolin is a tetracyclic diterpene tetraol obtained from Cephalosporium
aphidicola (Brundet et al,1972) and several other species of fungi or by organic
synthesis (Ikegami et al, 1978).

Aphidicolin has been shown to act as a

specific reversible inhibitor of eukaryotic DNA polymerase
Huberman, 1981).

a (Ikegami et al,1978;

This antimetabolite has been shown to be a powerful inhibitor

of DNA synthesis in a wide variety of invertebrates including echinoderms

(Ikegami et al, 1978); Nagano et al, 1981) polychaetes and ascidians (Satoh and

Ikegami, 1981) and in mouse embryos (Cozad and Warner, 1982; Alexandre, 1982).
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Aphidicolln selectively Inhibits the activity of DNA polymerase a without
interfering with the activity of DNA polymerase

3

and the mitochondrial DNA

Incubation of sea urchin embryos with

polymerase y (Ohashl et al, 1978).

aphidicolln does not result in any deleterious effects on protein S5mtheis or

RNA synthesis (Satoh and Ikegaml, 1981).
Aphidicolln inhibits DNA polymerase a activity competitively with respect
to dCTP, non-competitlvely with respect to the other dNTPs and uncompetitively

with respect to "activated" DNA as template primer (Huberman,1981)

.

This

competitive interaction has been assumed by many workers to mean that

aphidicolln inhibits DNA replication by inhibiting the binding of one or more of
the dNTPs to DNA polymerase.

In fact, it means that aphidicolln can bind only

to DNA polymerase molecules that have not yet bound dNTP

molecules, and that

the aphldicolin-polymerase complex is catalytlcally Inactive (Huberman, 1981).

The inhibition of thymidine incorporation in HeLa cells occurs immediately
These rapid inhibitory effects have led some

following exposure to aphidicolln.

investigators to postulate that aphidicolln may be actively transported into the
cell (Pedrali-Noy and Spadari,1979)

.

Inhibition of DNA synthesis in HeLa cells

has been shown to be completely reversible following a 24h treatment and hence

potentially useful for synchronizing cell cultures (Pedrali-Noy and Spadari,
1979).

However, this reversibility has been shown to be incomplete following

inhibition of DNA synthesis in developing ascidian embryos (Satoh and Ikegaml,
1982) and mouse embryos (Dean and Rossant, 1984).

DNA POLYMERASES AND DEVELOPMENT

Are there any quantitative or qualitative differences in DNA polymerase

activity in cells during various stages of development which are related to the
unique replicative requirements in that cell?

Tissues which possess cells that

•ifid
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are actively Involved in either endomitotic or endoreduplicatlve DNA synthesis

may require different proportions of the three DNA polymerases in order to carry
out DNA replication.
A number of studies have been carried out in differentiating systems in an

attempt to find a pattern in the change in DNA polymerase activity that occur as
cells become specialized or mature.

Spermatogenesis has provided one of the

systems to study for changes in DNA polymerase during cell development

(Weissbach,1977)

.

DNA-dependent DNA polymerase activities have been measured

during development of the testis in the mouse.

extracts of mice between

5

Analysis of soluble testicular

days of age and sexual maturity (38-42) showed a six

to seven fold decrease in the specific activity of the cytosol DNA polymerase

fraction (Hecht et al,1976).

A.

Sea urchin development

A number of investigators have determined that homogenates of both the
eggs and the embryos of sea urchins may contain at least three DNA polymerase

enzymes which can be separated by DEAE-ion exchange chromatography (De

Petrocellis and Vittorelli, 1975;Hobart and Infante, 1978).

A quantitative

analysis of the low molecular weight DNA polymerase during early embryonic

development indicates that the activity of this enzyme increases at least 2fold immediately following fertilization and again during the early blastula

(hatching) stage.

Properties of this low molecular weight enzyme indicate close

similarity to the g-polymerase isolated from mammalian cells.
changes in a

g

Such quantitative

enzyme activity are in contrast to findings with the

a polymerase

which remains constant during early development (DePetrocellis and Vitorelli,
1975; Hobart and Infante, 1978).

Futhermore, Hobart and Infante (1978)

emphasize that there are quantitative changes in the activity of the low

molecular weight polymerase which coincide with periods of marked changes in the

ft.'

:!%

'
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DNA synthetic activity in the developing embryo.

In fact, a burst in enzyme

activity coincides with the initiation of several morphological changes which
represent the first manifestation of differentiation among the blastula stage.

These include the hatching of the blastula from its surrounding fertilization
(vitelline) membrane and formation and migration of the primary mesenchymal
cells in the free-swimming embryo.
B

Hobart and Infante (1978) propose that this

-polymerase enzyme functions in some form of DNA synthesis required to

reprogram the genome of the early embryo.

B.

Development in Xenopus

leavis

Extracts from large oocytes obtained from X. leavis have been shown to

contain high levels of one major DNA polymerase activity.
eggs,

After maturation into

the overall level of DNA polymerase activity in extracts increases

fourfold and a second major activity appears (Grippo et al, 1975).

Although

intense DNA synthesis occurs as the number of cells increase from one to over
10, no further increase in the level of either DNA polymerase activity in

proportion

to

the amount of DNA synthesis per embryo,

gastrula or neurula stage embryos.

is observed in cleavage,

In the late neurula or hatched embryos, a

third major DNA polymerase activity appears coincident with an increase in the

ability of the extracts to utilize native DNA templates in vitro (Benbow et
al,1975; Benbow et al, 1985).

C.

Drosophila

melanogaster

Dusenbury and Smith (1983) have developed as assay which reproducibly
measures DNA polymerase activity in all developmental stages of D. melanogaster
DNA polymerase a-like activity was evidence in extracts of embryos, pupae and

.
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adults of both sexes.

Polymerase activity per individual is low in embryos and

rises steadly through larval instars, reaches a peak in early pupae, declines

through the late pupal period and remains low in newly eclosed adults of both
sexes.

This pattern of enzyme activity is completely coincident with changes in

DNA levels during development, and suggests that the Drosophila enzyme, like
vertebrate a-polyme rases, functions in cellular DNA replication.

Evidently, a

single enzymatic species of orpolymerase holoenzyme exists in Drosophila and is

common to all developmental stages of this organism (Dusenbury and Smith, 1983).
It would appear to date that very few studies have provided any clear

evidence describing a definitive change in the profiles of DNA polymerase activity

concomitant with development, with the possible exception being the developing
Most of the information to date reports an increase in the quantity,

sea urchin.

not specific activity, of the enzyme during periods of high mitotic activity.

D.

Polymerase Activity in the Mouse

The developing mouse embryo provides an excellent system for examining

DNA polymerase activity during early embryogenesis as development can be

accurately timed and is well documented.

Keissling and Weitlauf (1979) have

developed as assay capable of detecting polymerases in small quantities of
tissue, such as the mammalian embryo.

Initial investigations involved the

measurement of the total polymerase activity as measured by the incorporation
of radiolabelled nucleotide triphosphate into an activated template.

The amount

of DNA polymerase in the one cell embryo was approximately the same as in

unfertilized eggs.
fold by day

5

However, the amount of enzyme per embryo did increase 6-7

of development.

Although these initial studies did not attempt to

distinguish between the three possible DNA polymerases described in mammalian
systems, subsequent modification of this assay procedure has detected DNA
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pol3nnerase activity that responded to poly (A):oLigo d(T) (Keissllng and

Weltlauf, 1981), the preferred template of DNA polymerase y (Bolden et al,
1977).

Polymerase activity resembling DNA polymerase y increased markedly

between day

3

and day 4 of development, the time of blastocyst formation

(Keissling and Weitlauf ,1981)

.

The absence of this activity in early cleavage

stage embryos and the subsequent increase in a y-like enzyme in mouse

blastocysts may in part be due to activation of the mitochondrial DNA polymerase
in preparation for mtDNA synthesis.

Mitochondrial DNA synthesis has not been

detected in preimplantation mouse embryos, but does appear two cell cycles after
the formation of the ICM (Piko and Chase, 1973).

Keissling and Weitlauf (1981)

have speculated that the increase in the DNA polymerase y-like enzyme

detectable at the time of blastocyst formation suggests the possibility that it

may also function in vivo during the first cell commitment event in mammalian
embryos.

Sherman and Kang (1973) have measured the DNA polymerase a and

midgestation mouse embryo, trophoblast and decidua.

g

levels in

This initial study

represented a first attempt at determining whether any quantitative or qualitative enzyme differences existed between diploid embryo and polyploid

trophoblast cells and between rapidly dividing embryonic and nondividing
maternal cells.

Thus three distinct replicating types can be discerned, the

embryo which is rapidly replicating and dividing, the trophoblast which is

replicating and nondividing and the maternal decidua which is nonreplicating and

nondividing (Sherman and Kang, 1973).

The results from these experiments could

not detect any qualitative differences in DNA polymerases in midgestation mouse
embryo, trophoblast and decidual tissue.

They did not observe in any of these

cases the presence of a unique enzjnne, any striking difference in the relative

proportion of the enzymes, or any significant variation in the distribution of

'J')

r<'0

t-
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the enzymes between nucleus and the cytoplasm (Sherman and Kang,1973).

However,

these results do not exclude the possibility that differences might be present
at other gestational ages.

Difficulties arise in studying either earlier or

later stage embryos because of insufficient quantities in the former case and in
the latter, problems of separating trophoblast from the decidua (Sherman, 1972).

Although the structure of the chorioallantoic placenta of the mouse is such
that the separation of uncontaminated trophoblast is not practical, later stage

trophoblast is purported to be more easily attainable from the rat, as the
fetal -maternal junctions are not as tightly bound as they are in the mouse.
Thus, in the rat, the trophoblast layer can be dissected cleanly from the

decidual mass after Day 12 of pregnancy (Kalf etal,1980).
DNA polymerases extracted from the trophoblast nuclei or whole cells

derived from the rat parietal yolk sac were characterized in order to ascertain

which enzymes might be responsible for DNA synthesis in cells which were
undergoing active endoreduplication.

Separation of trophoblast nuclei extracts

on 10-307. glycerol gradients revealed the presence of 3 separate DNA

polymerases.

These studies employed antimetabolites as a means of identifying

the individual DNA polymerases.

Inhibitor studies identified approximately

of the DNA synthetic activity in these nuclei as

triphosphate (d.TTP) sensitive.

DNA polymerases
of polymerases

3

and y

a and y

,

•

2' 3'

807.

-dideoxy thymidine

Therefore, this activity was attributable to

Subsequent additions of N-ethyl maleimide, an inhibitor
resulted in a

607.

inhibition of DNA synthesis

.

It

was then suggested that DNA polymerase y might be responsible for DNA

replication in 13 day trophoblast nuclei in vitro (Kalf et al,1980).

However,

given these results, there would appear to be a distribution of DNA polymerase

activity such that
DNA polymerase

3

207.

was attributable to polymerase

rather than polymerase

,

and

407.

to each of

y is involved in endoreduplication.

.
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Two interesting possibilities may be inferred from this result.

If DNA

polymerase y is In fact mediating DNA replication during endoreduplicatlon, then
this is an anomalous function for this enzyme in mammalian cells, as this

polymerase is normally associated with mitochondrial DNA replication.
Furthermore, it is found in an inordinately high abundance at

activity by DNA polymerases.
comprising only

2-57. of

In most cells, polymerase

of the total

407.

y is least abundant,

the total polymerases (Falaschi and Spadari,1977)

However, addressing the equally predominant quantity of DNA polymerase

presents an interesting possibility in terms of endoreduplicatlon.

polymerase

6 is

3

also

As

normally attributed the function of DNA repair type synthesis,

then one might question the actual nature of the endoreduplicative process.

Does endoreduplicatlon involve total genomic replication as it is normally

defined or rather is there a substantial amount of both or either of "long" and
"short" gap repair type synthesis?
As trophoblast giant cells originate from the diploid trophectoderm at the

blastocyst stage of development, one might assume that a 'switch' in the
proportions of major polymerases occurs as cells undergo the transformation to
giant cells in preparation for endoreduplicative DNA synthesis.

To this end,

Kalf et al (1981) have reported a comprehensive evaluation of DNA polymerase

activities of rat giant trophoblast cells in midgestation i.e. between days 1114 of pregnancy.

DNA polymerase a activity in extracts was found to drop

precipitously from a high level at Day 11 to one tenth of that level by Day 12
and to continue at a constant level thereafter (Kalf et al, 1981a, b).

pattern of activity was observed for polymerase
the activity was diminished by 50
3

7.

y.

A similar

However, in this instance

of the activity at 11 days.

DNA polymerase

showed no significant change in activity during this period of development.

However, an interesting result was observed in terms of endoreduplicatlon within
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these trophoblast cells.

During this period of development there was a linear

increase in chromosomal DNA content.

This result is somewhat surprising in

light of the predictions one would make from a system undergoing total genomic

replication.

The progression of a population of cells involved in doubling of

DNA should be described more precisely by a geometric rather than an arithmetic
relationship.

Incomplete replication of the genome either through specific

amplification of certain sequences or 'long gap' repair type synthesis
represent possible interpretations of this result.
The precipitous drop in the level of oe-polymerase activity from day 11 to
day 12 was interpreted to indicate the presence of some factor(s) in the 11

day extract which was capable of stimulating DNA polymerase a but not polymerase
g

or Y (Kalf et al, 1981a).

This factor has been partially purified and has

an approximate Mr of 80,000 and is non-dialyzable, heat labile, sensitive to

trypsin treatment and insensitive to N-ethylmaleimide(NEM)

This stimulatory

.

factor effects an increase in both the initial rate and the extent of DNA
synthesis as a linear function of the concentration of the factor(Kalf et al,
1981).

Based on these results, Kalf et al (1981a) suggested that nondividing

polyploid giant cells are devoid of DNA polymerase a or perhaps contain low
levels of a nonfunctioning enzyme.

Most recently, Siegel and Kalf (1982) using rat giant trophoblast nuclei
from parietal yolk sacs at Day 13 of gestation have determined that although
these nuclei possess both polymerase a and

3

,

expressed. Thus, this suggests that polymerase

polymerase a
3

activity is not

is the major polymerase

activity in Day 13 trophoblast nuclei and hence that DNA endoreduplication in
these nuclei is being carried out by DNA polymerase

g

(Siegel and Kalf, 1982).

Although previous studies have suggested that DNA polymerase

y fight be involved

in endoreduplication in trophoblast giant cells, further experimentation showed

,
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DNA polmerase y to be present only in mitochondria in trophoblast cells and that
trophoblast DNA polymerase
1982).

6

was partially sensitive to NEM (Siegel and Kalf

DNA synthesis by these nuclei has been shown to be replicative rather

than repair type synthesis, since the newly synthesised DNA was shown to be

contiguous with DNA replicated in vivo in the presence of a bromodeoxyuridine

density label.

These results suggested that DNA polymerase

is apparently not

active in DNA endoreduplication in Day 13 trophoblast nuclei.
for DNA polymerase a

A possible role

in the initial extension of RNA primer pieces or in the

production of short lengths of DNA which are then extended into longer strands
by DNA pol3rmerase

B

cannot be ruled out (Siegel and Kalf, 1982).

To date, Kalf et al(1980;1981a) and Siegel and Kalf (1982) have suggested
that endoreduplicative DNA synthesis in secondary trophoblast giant cells

derived from the rat parietal yolk sac is accomplished by a non- apolymerase.

Evidence as to the identity of this enzyme i.e whether it be polymerase

3

or

The disparity of the results obtained using NEM in

polymerase y is confusing.

assays with trophoblast nuclei between these two studies raises serious doubts
as to the correct interpretation and designation of the endoreduplicating enzjrme
of trophoblast giant cells. Since the

tissues used in these studies are highly

enriched with polyploid trophoblast giant cells, the result of Kalf and his

co-workers may address the DNA polymerase profiles of cells in a
'maintenance' stage of endoreplication rather than those actively undergoing

transformation from the diploid to giant cell stage.

Transformation from the

diploid to giant cell state may involve a transient and unique profile of DNA

polymerases which undergo a second 'switch' as the endoreduplicative cycle of

replication is maintained

.

OUTSTANDING QUESTIONS ON TROPHOBLAST GIANT CELL FORMATION

4L

What mechanism controls the 'switch' from a diploid mltotlcally active
trophoblast cell to the nondlvldlng nonreplicatlng giant cell?

How Is

endoredupllcatlon carried out and Is It In fact total or partial genomic
replication?
The emphasis of the present study was to establish whether qualitative

changes in DNA polymerase activity accompany the diploid to giant cell

transformation in trophoblast giant cells in the mouse, both for understanding

endoredupllcatlon and possibly as a means of identifying a marker of the onset
of giant cell formation for later studies or the nature of this 'switch'.

In light of the results obtained by Kalf et al (1980;1981) and Siegel and

Kalf (1982) this project addressed the questions:
1) What Is the identity of the

DNA polymerase/s reponsible for DNA

replication In primary and secondary giant cells derived from perl- and

postimplantatlon mouse embryos?
and

2) Is there a

'switch'

in the profile of DNA polymerases in these tissues

concomitant with the diploid to giant cell transformation

?

Specific inhibitors of DNA polymerases were used in an in situ cell culture

assay and an in vitro cell free lysate system to address these questions.

An

inhibitor of DNA polymerase a, aphidicolin, has been used extensively throughout
these studies.

Until recently accurate and reliable studies of each of the

three eukaryotic DNA polymerases has not been possible as early inhibitors were

only indirectly interrupting DNA synthesis through nucleotide biosynthetic
pathways and thereby nonconclusive.

With the availability of aphidicolin, and

due to its strict specificity for polymerase

ex,

the presence of polymerase a can

be directly addressed both in tissues extracts of purified polymerases and more

importantly, within actively growing embryos and embryonic tissues outgrowths.

ownJB'
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MATERIALS AND METHODS

Animals
Embryos were obtained from spontaneously ovulating females belonging to the

randomly bred GDI albino strain of mice (Charles River, St. Constant, Quebec).
Mice were kept under controlled lighting conditions with a 14 h light and lOh

dark cycle. Ovulation was assumed to have occurred at midnight which Is at the

midpoint of the dark cycle.
each male.

One female judged to be in estrus was placed with

The following morning the mice were checked for the presence of a

vaginal plug as a measure of successful copulation.

Day

of pregnancy.

This day was designated as

The animals were sacrificed by cervical dislocation and the

uterus removed for further dissection at various stages of pregnancy

.

Dissection and Culture

Blastocysts were recovered on Day

3

of pregnancy by flushing the uterus

with a sterile serum-saline solution (PBl) (Appendix I).

Blastocysts

were pooled together and the outer zona pelluclda was removed in acid Tyrode's
(pH.2.5) solution.
(alpha) containing

Blastocysts were washed in alpha minimal essential medium
57.

fetal calf (PCS) and

57.

newborn calf serum (NCS) (Appendix

I) prior to culturing in chambered slides containing fresh alpha medium.

These

blastocyst outgrowths possess large multinucleated cells, the primary
trophoblast giant cells, in addition to the inner cell mass (ICM).

Postlmplantation embryos were obtained on days 7.5 and 9.5-11.5 of
pregnancy after dissection from the uterus.

At these stages of development

further dissection from the surrounding decidua was required.

The decidua was

dissected out from the antimesometrial side of the excised uterus using watch

maker's forceps and placed into phosphate buffered saline (PBS) (Appendix I).
vertical incision was then made In the decidua and the intact conceptuses

A

.
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removed and placed into alpha.

Embryos at 7.5 days were dissected into three

regions; the embryonic region (EM), the extraembryonic ectoderm (EX) and the

The region of tissue designated as EX is

ectoplacental cone (EPC) (Figure 2).

actually composed of tissues derived from both ICM and the trophectoderm.

Pure

extraembryonic ectoderm was obtained after enzymatic digestion to eliminate ICM
derivatives.

The overlying endoderm was removed by trituration In a flame drawn

Pasteur pipette after incubation at Ut for 10-15 minutes in a solution of
trypsin and 2.5
et al,1969).
EM.

7.

pancreatin in Ca

2+
,

Mg

2+

0.57,

free Tyrodes (Appendix I) (Levak-Svajger

No further separation of tissues was required for the EPC or the

At this stage of development, the EPC is composed predominantly of diploid

EPC cells in addition to secondary trophoblast giant cells (Barlow and Sherman,
1972).

Therefore, this tissue is derived exclusively from the trophectoderm. In

contrast, the EM is composed of both embryonic ectoderm, mesoderm and endoderm
and hence is completely derived from the ICM (Rossant and Gardner, 1976)
7.5 da tissues were cultured individually in 96 welled round bottom tissue

culture plates (Nunclon) in alpha +

107.

serum.

All cultures ie. blastocysts and

7.5da embryos were cultured for 0-5 days in a humidified

incubator in

57.

CO.

water jacketed

37t;

in air atmosphere.

Trophoblast tissue was also obtained from 9.5, 10.5 and 11.5 day embryos.
In each of these embryos, only the mural trophoblast tissue overlying the embryo
was utilized, which at this stage of development is intimately associated with
the underlying Reichert's membrane and the parietal endoderm.

This thin layer

of tissue was separated from the mural trophoblast prior to use.

Trophoblast

tissue obtained from embryos at this stage of development has been estimated to

contain approximately

307.

trophoblast giant cells (Barlow and Sherman, 1972).

Stock Solutions of Inhibitors

Aphidlcolln

was obtained as a gift from ICI England.

Aphldicolin is a
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FIGURE:

2

DIAGRAM OF A 7.5 DAY EMBRYO IN CROSS -SECTION

The 7.5 da embryo can be dissected into three
distinct tissues. The embryo proper a uniformly
diploid population, the extraembryonic ectoderm,
which undergoes a diploid to giant cell transformation and the EPC, which contains both diploid
and giant cells from the onset.
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tetracyclic diterpene tetraol (Brundet etal,1972) and as such it is only

marginally soluble in aqueous medium.

Therefore the stock solution was made up

at 5mg/ml in dimethyl sulphoxide (DMSO) and stored at room temperature.

Doses

used throughout were prepared at the desired concentration in alpha medium.

Controls contained an equal amount of DMSO in alpha medium throughout.
Initially, aphidicolin treatment of 7.5 day tissue outgrowths was carried
out at 50 yg/ml, the dose which was used by Kalf et al (1980;1981a) on isolated
13.5 day rat trophoblast nuclei.

Subsequently, aphidicolin at a dose of 10 yg/ml

was shown to be equally inhibitory to the EM outgrowths, which serve as the

diploid control population and hence was used throughout the remaining

experiments.

N-ethyl malelmide (NEM)(Sigma) was made up at 1.25 g/ml in DMSO and stored
at room temperature.

Cell free lysates were incubated with NEM at a final

concentration of 10 mM as suggested by Keissling and Weitlauf (1979) to be
inhibitory.

Dideoxythymidine triphosphate (d-TTP) was made up at lOmM in deionized and
distilled water and stored at -20°C.

concentration of 0.5

pM

ie.

This inhibitor was used at a final

a ratio of dTTP/d2TTP= 1.0.

APHIDICOLIN INHIBITION OF TROPHOBLAST ENDOREDUPLICATION IN SITU

Cultures were treated with aphidicolin for 18-24h beginning on day 0-5
following dissection of 7.5 day embryos.

The number of replicate samples varied

according to the number of embryos obtained from each dissection.
control groups never consisted of fewer than
experiment.

6

Treated and

replicates of each tissue in each

On the day of treatment, the culture medium was removed from the

wells and immediately replaced with either 100 y
of the stock solution in 10 ml) or with 100

y 1

1

of alpha medium + DMSO (20

1

of either 10 yg/ml or 50 yg/ml of

47.

During the final two hours of the treatment, embryos were pulsed

aphldicolin.

with methyl[
20

3

pCi/ml (2

H]

-thymidine (sp.act.=25 Ci/mmole,Amersham) at a concentration of

yCi/well).

Incorporation of the radioactive nucleotide into acid

precipitable nucleic acids was used as a measure of DNA sjmthesis.

Following

the 2 h pulse, culture plates were covered with mylar clear plastic sheets and

frozen at -20
3

Prior to harvesting, the medium containing unincorporated

°C.

H-thymidine was removed while observing the tissue cultures under a Zeiss-Jena

dissecting microscope.
of radioactivity.

This procedure aided in reducing the background levels

Tissues were lysed by the addition of 20 yl of a

57.

solution

of sodium dodecyl sulphate (SDS). The culture plates were then harvested onto

glass fibre filters (Titertek) using an automated tissue harvester (Flow) and

washed alternately with deionized

HO

until no detergent was apparent.

Filters were dried at 60

and

107.

trichloroacetic acid (TCA) (w/v)
°C

for

1

h and the

3

radioactive emission from methyl- [ H] -thymidine incorporation was measured in
10 ml of PPO/POPOP scintillation cocktail (Appendix I) for one minute in either

a Searle or Beckman scintillation counter.

A limited investigation of the effect of aphidicolin treatment on
blastocysts outgrowths was performed by scintillation counting.

Blastocysts

were obtained and outgrown in 96 well tissue culture plates as previously

described for

2

additional 48h.
lOyCi/ml

3

days prior to a continuous exposure to 10 lag/ml for an

Cultures were pulsed for the last two hours of the treatment at

H-thymidine (sp. act.= 25 Ci/mmole) and harvested onto glass fiber

filters using an automated tissue harvester.

Incorporation of TCA precipit-

atable counts was measured as previously described.

AUTORADIOGRAPHY
A qualitative determination of the effect of aphidicolin on DNA synthesis

48.

in 3.5 da blastocyst outgrowths, 7.5 da EM, EX and EPC outgrowths and 9.5-11.5

day trophoblast tissues was accomplished by means of autoradiography.

Post-

implantation embryos (7.5 da) were dissected as previously described and the
separated tissues were outgrown in 8-well chambered slides (Flow) containing 0.4
ml of

medium for 3-6 days prior to treatment with 10 pg/ml aphidicolin for 4,

a

8 or ISh.

Blastocysts were denuded of the outer zona pellucida before culturing

In 8-well chambered slides containing 0.4ml

a medium.

Blastocyst outgrowths

were treated after 2-7 days of culture for durations of 4-8h, 24-48h, and 72h

with

5 y

g/ml aphidicolin.

During the last two hours of treatment outgrowths of
3

EM, EX, EPC and blastocysts were pulsed with H-thymidine (sp act.= 25 Ci/mmole,

Amersham) at 10 yCi/ml.

Following the labelling period, the culture medium was removed and the
outgrowths were washed in PBS and fixed in 3:1 (v/v) ethanol/acetic acid for 10
mins, and air dried.

Slides were washed in

107.

TCA for 10 mins to remove any

unincorporated radioactive nucleotide, rinsed in deionized water and air dried.
The slides were then dipped in Kodak NTB3 photographic emulsion, dried and

exposed in total darkness at 4°C for

7

days.

The slides were developed in Kodak

D-19 developer for 1.5 mins, rinsed in distilled water and placed in Kodak fixer
for

5

mins.

Slides were washed an additional 30 minutes in distilled water

prior to staining in Giemsa (Appendix I) for 30-60 minutes and air dried.

Autoradiographs were also prepared from trophoblast tissue derived from
9.5, 10.5, and 11.5 da embryos.

In this series of experiments, tissues were not

outgrown but rather were treated directly with 10 yg/™! aphidicolin from 4-24 h
3

which included a final 2-3 h pulse with H-thymidine (sp. act= 25 Ci/mmole) at a

concentration of 0.5-10 yCi/ml.

Tissues were fixed in 3:1 ethanol/acetic acid

for at least 10 mins prior to making cell spreads.

Trophoblast from an

individual embryo was placed on a microscope slide and several drops of

607o

49.

acetic acid was added.

The tissue was disrupted by using watch makers forceps

and spread by blowing.

Slides were allowed to air dry prior to washing in

Autoradiographs were then prepared and exposed for

TCA.

previously.

7

107.

days as described

After staining in Giemsa for 30-60 minutes, slides were allowed to

dry and were examined for the presence of labelled cells.

FEULGEN STAINING FOR DNA

Blastocyst outgrowths were also cultured in order to assess quantitatively
the amount of DNA accumulated in the primary and giant cells in the presence and

absence of aphidicolin.
Blastocyst outgrowths were cultured in chambered slides for
the initiation of the aphidicolin treatment.
to adhere to the substrate and outgrow.

containing 8-10 blastocysts per group.

2

days prior to

This time permits the blastocyst

Six distinct groups were established

After the designated treatments, slides

were washed in PBS, fixed in 3:1 ethanol/acetic acid for 10 mins and air dried.
Slides were air dried and subsequently stained with Feulgen stain, which binds

stoichlometrically to DNA and hence allows quantitation of DNA content (Pearse,
1972).

Control liver spreads were prepared by imprinting a piece of liver, which

had a cleanly exposed surface, onto each slide.

These spreads were allowed to

dry in air prior to being fixed in 3:1 ethanol:acetic acid.

were hydrolysed for 30 mins in

distilled water.
I).

5

N HCl at room temperature and then rinsed in

The slides were stained for

The slides were then passed directly into

each for 10 mins.

h in Schiff's reagent (Appendix

3
3

changes of

Slides were rinsed in running water for

mounted with Canada balsam.

All slides were

1

5

7„

sulphurous acid

mins, air dried and

The DNA content of trophoblast giant cells was

quantitated using a Vlckers M85 Integrating Microdensltometer at 580 nm

(

Mc

50.

Master University, Dept of Clinical Chemistry).

Each nucleus was scanned a

minimum of three times and the average values were plotted.

All non-overlapping

nuclei were included in measurements of primary giant cells contained within
All readings were corrected for background absorption.

blastocyst outgrowths.

Liver cells are predominantly either diploid, tetraploid or octaploid and hence
contain 2C, AC and 8C nuclei respectively (Figure 7a): where C is the haploid
genome.

The DNA content values from liver were initially measured in arbitrary

absorbance values and histograms were plotted.

From the major peaks derived of

the liver histograms the 2,4 and 8C DNA content values were assigned and

increasing values found in other tissues were then extrapolated from these
values.

DNA POLYMERASE ACTIVITY IN 7.5 da MOUSE TROPHOBLAST

A.

-

IN VITRO LYSATES

Preparation of "Activated" template
i)

DNA Extraction

High molecular weight DNA was extracted from the liver of a mouse which had
been maintained without food overnight.
57.

The liver was homogenized in 10 ml of

sucrose in TKM buffer (Appendix II) on ice until the large clumps of tissue

had been disrupted.

The emulsion was then filtered through two thicknesses of

sterile gauze and the resulting mixture was gently layered over 15 ml of
sucrose in TKM buffer in a 50 ml polypropylene centrifuge tube.
was then centrifuged at 5K for 15 mins at 4°C.

207.

The gradient

The supernatant was carefully

aspirated and the pellet was resuspended by vortexing and trituration in 15 ml
of IX pronase buffer (Appendix II) at room temperature.

added to the suspension in order to lyse the nuclei.

incubated for Ih at 37

°C

300 p

1

of

107.

SDS was

The suspension was then

with 150 yl of 10 mg/ml stock solution of pre-boiled

RNase ie. final conc.= 100 yg/ml.

The suspension was then made up to 0.87. SDS

51.

and vortexed.

150

\il

(stock solution) of preincubated pronase

of 10 mg/ml

was

then added and the mixture was incubated at 37° C for a minimum of 4h and then

stored overnight at -20"C.

The following day, the solution was extracted

with

an equal volume of phenol :chloroform:iosamyl alcohol (25:24:1) spun down at 3K
for

5*

and the upper aqueous layer was extracted twice until a relatively clean

The aqueous layer was then extracted 2-3 X with

protein interface was observed.

To the final aqueous phase, 2X volume of

chloroform: isoamyl alcohol (24:1).

cold 1007. Ethanol (EtOH) was added gently without mixing.

The high molecular

weight DNA was collected by spooling it onto a clean glass rod.
material was quickly rinsed first in

The collected

EtOH and then sterile water.

707„

was redissolved in 2ml of sterile distilled water.

The DNA

The DNA concentration was

determined using a Beckman DU-7 scanning spectrophotometer at 260 nm.

The

absorbance value was converted into a concentration measure according to the
standard measure:

1

O.D„, = 50

\ig

dsDNA

.

ii) Activation of DNA template

The extracted DNA was 'activated' according to a modified method of

Aphosian and Romberg (1962).

Two millilitres of DNA solution (200 g/ml), 4.0ml

buffer(50 mM Tris, 500 pg/ml BSA and 5nM MgCl

)

and 3.3 yl of lO"^ dilution of

pancreatic DNase I (stock solution Img/ml) were placed together in a 10ml

polypropylene tube and incubated for

1

h at 37° C.

The contents were cooled on

ice and 0.5 ml of 707. TCA were added. The contents were centrifuged at 10,000g

for 10 mins. in a lEC B-20A Centrifuge (Damon) and the precipitate was

resuspended in 4 ml of 0.02N NaOH at room temperature.
of IN HCIO, was added,

To this solution, 4 ml

the contents centrifuged at 10,000 g for 5 mins and the

precipitate resuspended in 0.02N NaOH.
neutral pH with O.IN HCl.

The final solution was adjusted to a

The final concentration of 'activated' DNA was

determined spectrophotometrically.

The recovery of DNA through this activation

52.

procedure was 55-637. of the original.
The effectiveness of the DNase I-induced nicking procedure was determined
initially by assessing the size of the DNA after 'activation* by electrophoresis
on a 0.87. agarose gel (Appendix III).

A sample of the extracted DNA was tested

before and after the 'activation' treatment.

The gel was electrophoresed for 3h

and stained with a solution of Ethidium bromide (10 pg/ml).

The ethidium

bromide stained samples were visualized under ultraviolet light and photographed
with a polaroid camera.

A commercial preparation of 'activated'

calf thymus DNA

(Img/ml) (Sigma) was also employed in addition to the mouse 'activated template.

The degree of activation (i.e. the extent of nicking and the
translatability using prokaryotic DNA polymerase I (pol l):see Appendix III) was
assessed by a modified 'nick' translation procedure.
assess the 'nicking' of the template, DNase

translation mix.

In order accurately to

was omitted from the 'nick

I

'

In addition, the normal endonuclease activity of DNA pol I was

eliminated by using an endo- nuclease free preparation of the Romberg fraction
pol I (Boerhinger Mannheim).
the template.

This served to establish the 'translatability' of

The assay was then repeated under conditions which were optimal

for eukaryotic DNA polymerases and for the in situ assay, where the source of
the DNA polymerase would be the tissue lysates of 7.5 da outgrowths.

The original 'nick translation' assay consisted of reaction conditions

which were optimal for the performance of DNA pol I and hence established
template 'translatability'.

The final assay conditions were: 50 mM Tris-HCl (pH

7.2), 10 mM MgS04, 0.1 mM DTT and 50 y g/ml Bovine Serum Albumin (BSA), 0.27mM

dNTPs(ie.dCTP, dATP, dGTP) ,12.5

p Ci

[^H]-TTP in Tricine, and

'activated' DNA in a total volume of 50 y

1.

5yg

Following addition of 4.5 units DNA

polymerase I (Endonuclease free), the contents were incubated at 1A°C for
The reaction was terminated by the addition of

2pl

of 107. SDS and 10 y

1

2

h.

of lOX

53.

column buffer (CB)(see Appendix IV).

The total reaction mix was passed through

a Sephadex C-50 column (see Appendix IV).

Two hundred yl fractions were

collected and incorporation of the radioactive nucleotide was measured by

scintillation counting of a

aliquot in 10 ml of Aquesol scintillation

5 y 1

cocktail in a Beckman LS 1800 scintillation counter.

The assay was repeated and modified to optimize the conditions for the

activity of eukaryotic DNA polymerases.

The assay conditions were modified

such that the final conditions were as follows: 30 mM Tris-HCl (pH 8.4), 5mM
MgCl.,

2

mM DTT, 20mM KCl and

1

mg/ml BSA,

the presence of 4.5 units of DNA pol I.

5yg

'activated

'

DNA template in

The contents were incubated together at

37C for 0.5 h and the reaction was terminated by the addition of
SDS and 10 y

1

CB.

2

yl of 10

7,

The unincorporated nucleotides were removed as previously

mentioned and fractions were collected and counted.
confirm that the 'activated'

These assays served to

templates produced from extracted mouse liver as

well as the commercial preparation were both effective and that the

reconstituted system was functional.

B.

1^ situ DNA Polymerase Assay
Embryos obtained on day 7.5 of gestation and dissected into EM, EX and

EPC and cultured as outlined for 0-5 days were used.

Cultures were terminated

on various days by removing the medium and replacing it with 5ul of a solution
of 0.57. NP-40 and 10 mM DTT and 5yl of Buffer A (Appendix IV), in order to

improve lysis of the cell membranes, and placed into a freezer at -20° C.
time of the assay,

At the

the cultured material was thawed and the pooled contents of 4

wells were placed into 1.5 ml sterile Eppendorf tube.

To these tubes

5

yg of

'activated' DNA (either Mus musculus DNA or the commercial preparation) was

added along with unlabel led dNTPS
3

3

(

varying concentration 1.84 yM-> 0.267mM) and

5.0 yCi of H-dCTP or H-TTP plus reaction buffer (as stated above) to a

£»V

54.

The reactions were incubated for 90 mins at 37°C.

total volume of 70 yX.

The

assay was terminated upon addition of

2

were placed into a freezer at -20 °C.

Samples were then thawed, and the contents

pi

of 107. SDS and lOX CB and the tubes

of the tubes were passed through a chelex/sephadex C-50 column to ensure the

removal of unincorporated radioactive nucleotides from the radiolabelled DNA

.

Twelve 200 pi fractions were collected and the incorporation of the radioactive

nucleotide was measured by scintillation counting in a Beckmann LS 1800
scintillation counter of

5

pi

aliquots in 10 ml of Aquasol (ACS).

In order to confirm that DNA was the radiolabelled product of this assay,
the fractions which contained the highest radioactivity were split into two

groups and one of each pair was Incubated with 3
at 37°C.

pi

of DNase I (1 mg/ml) for 1 h

Both pairs of the reaction mixtures were placed on ice and 300 pi of

carrier DNA (500

g/ml in 20 mM EDTA) plus

ml polypropylene tube.

2

ml of 10

7.

TCA were added into a

The TCA mix was allowed to sit for

5

5

minutes at -20°C and

the contents were then filtered onto 2.4cm Whatman GF/A filters using a

Millipore filtering manifold.

Filters were rinsed with additional washes of

107.

TCA, dried in a 60°C oven and counted in 10 ml of PPO/POPOP scintillation fluid.

Inhibitors
In order to determine the DNA polymerase profiles of the various

tissues in the in vitro lysate assay, a series of inhibitors was added into the

reaction contents.

Aphidicolin was used at increasing concentrations between 50

N-ethyl maleimide(NEM) was used at a final concentration of lOmM in

and 715 ug/ml.

the reaction mixture.

Dideoxythymidine triphosphate (d^TTP) which results in

the inhibition of DNA polymerase

g

and y

at a ratio of d.TTP /TTP= 0.2 or greater

(Siegel and Kalf,1982) was used at a final concentration of 0.5
to a ratio of

d

M,

which corresponds

TTP/TTP = 1.0. NEM was preincubated for 15 mins together with the

.

55.

tissue samples prior to addition of the remaining components of the reaction

mixture.

As NEM acts as an Inhibitor of the sulphydryl groups within the active

site of the enzyme, preincubation ensures that the appropriate enzyme will be

nonfunctional from the onset of the reaction (Kelssllng and Weltlauf ,1979)
In the preparation of large scale assays, approximately twenty groups

each containing the contents of four wells were utilized.

Large scale assays

were employed in order to provide replicate data using each of three tissues In

conjunction with each of three inhibitors.

In order to ensure maximum

efficiency in processing samples on a large scale, an improved technique was
devised.

Samples were spun through mlnlcolumns constructed in

5

ml syringes

containing Sephadex G-75 equilibrated with STE buffer (Appendix VI)(Maniatis et
al,1983).

The void volume was collected in Eppendorf tubes and samples were

counted in Aquasol

.

56.

RESULTS
GENERAL RESULTS

AND MORPHOLOGY

The effect of aphidicolin on DNA synthesis was assessed qualitatively by

autoradiography and quantitatively by autoradiography, scintillation counting
and Feulgen staining techniques.

Blastocyst outgrowths, 7.5 da embryonic tissue

ie EM, EX, and EPC outgrowths and midges tational trophoblast were employed in

order to study DNA synthetic processes in primary and secondary trophoblast
giant cells.

TABLE A (Appendix I) reports the numbers of embryos employed

within the course of this investigation listed according to the gestational age.
Trophoblast giant cells derived from blastocyst outgrowths were observed to
display a remarkable resilience to prolonged disruption of DNA synthetic

activity by aphidicolin treatment.
to be lethal

to

Extended treatment periods which are known

early preimplantation stage embryos (Alexandre, 1982) were

differentially detrimental to blastocyst outgrowths.

After 72h in the presence

of aphidicolin, ICM cells were no longer apparent; however, the trophoblast

tissue remained viable and adherent to the substrate (Figure 3).
Postiraplantation tissue outgrowths also displayed an unexpected degree of

resistance to prolonged treatment with aphidicolin.

EM tissue outgrowths

remained adherent to the substrate even after 48 h in 10 ug/ml aphidicolin.
However, further exposure resulted in death of the culture as evidenced by the

detachment of cells from the culture plate.

In contrast, the EX and EPC,

although inhibited in their DNA synthesis remained viable.

Viability was

assessed by trypan blue exclusion where viable cells remain clear and dead cells
take up the dye. Treated and control cultures did not differ in appearance after
the addition of trypan blue, suggesting that treatment was inhibitory rather

than lethal. Further evidence to support the claim that aphidicolin treatment
does not affect other metabolic processes, in particular, RNA and protein

57.

FIGURE

:

3

DIFFERENTIAL SENSITIVITY OF APHIDICOLIN
TREATMENT T) ICM AND TROPHOBLAST GIANT
CELLS IN BLASTOCYST OUTGROWTHS

Blastocyst outgrowths were cultured 2 days
prior to a 72h treatment with 5yg/ml aphidicolin
The ICM cells were observed to die while the
trophoblast tissue remained adherent.

58
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TABLE

A)

1

MORPHOLOGY DATA - INCIDENCE OF ATTACHMENT AND APPEARANCE OF
CARDIAC MUSCLE TISSUE DURING APHIDICOLIN TREATMENT OF 7.5
DAY EM TISSUE

Extent of Treatment

Attachment to Substrate

(h)

24

B)

C)

24(-)

24(+)

Beating Cardiac
Tissue

10 p g/ml

20/20

0/20

none

15/20

18/20

10 pg/ml

10/10

8/10

none

10/10

10/10

Scintillation Counting following Aphidicolin Treatment of Outgrowths
from Part (B)

Total time in Culture

H-thymidine Incorporation
cpm S.E.M.) **
(

Control(C)
72h

1322013600
(10)

7. Inhibition
(1-T/C X 1007.)

Treated (T)
390142
(8)

* refers to cultures which were allowed to outgrow 24h prior to a 24h
treatment with 10 yg/ml aphidicolin.

** counts /embryo

97+2
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synthesis was provided by the observation that freshly dissected tissues placed

directly into medium containing aphidicolin become attached to the substrate
within 2Ah.

Presumably, any protein synthesis or other metabolic processes

involved in cellular adhesion were not severely Impaired (Sherman and Salomon,
1975).

A striking observation was made concerning the outgrowth of the EM tissue

after aphidicolin treatment.

At 7.5 days, relatively

iation has occurred and organogenesis is pending.

little tissue different-

However, within 24h of

initiating cultures of 7.5da EM, bundles of beating cardiac muscle were

frequently observed.

Treatment of EM tissue with aphidicolin after the

formation of the active cardiac muscle tissue did not result in the cessation of
the beating action even with prolonged exposure to aphidicolin of up to 48h.

Table

1

B and C illustrates this point.

Tissues were observed to possess

beating cardiac muscle after 24h treatment with aphidicolin.

These same tissues

were then assessed for DNA synthesis by scintillation counting in the presence
of aphidicolin.

Although tissues remained active, those treated with

aphidicolin were inhibited by

977o

of controls.

Treatment prior to the onset of

cardiac muscle morphogenesis however, did prevent subsequent differentiation
into cardiac muscle tissue (Table lA).

In conclusion, there was no evidence that aphidicolin shows any short-term

toxicity affecting the interpretation of the results, although the effect on RNA
or protein synthesis was not assessed directly.

I.

DNA SYNTHESIS IN PRIMARY TROPHOBLAST GIANT CELLS DERIVED FROM 3.5da EMBRYOS

A. Qualitative Effects of the Inhibition of DNA Synthesis by Aphidicolin

Blastocysts were outgrown in tissue culture until they had become firmly
attached to the substrate and the trophectoderm had clearly grown out around the

61.

central ICM and trophoblast giant cells were visible.

A series of blastocyst

outgrowths was prepared and the cultures were treated with
after two days in vitro culture.

5

yg/ml aphidicolin

Autoradiographs of blastocyst outgrowths

indicated that aphidicolin treatment resulted in a reduction in the level of
silver grain deposition over trophoblast nuclei throughout the outgrowth while
ICM cells were completely unlabelled (Figure 4).

It was clear qualitatively

that although treatment with aphidicolin did result in the inhibition of DNA

synthesis in all cells, some primary giant cells continued to synthesize DNA.

The inhibitory effects of aphidicolin appeared to operate rapidly within this
system as the differential pattern of label deposition was noted after only a Ah
treatment period.

In those outgrowths treated for a shorter duration, the ICM

Prolonged incubation of 72h

cells were retained, although they were unlabelled.

with aphidicolin resulted in the eventual death of ICM cells.

The trophoblast

3

cells continued to incorporate H-thymidine albeit at reduced levels compared to

controls.

B.

Quantitative Effects of the Inhibition of DNA Synthesis by Aphidicolin
1)

Autoradiography

A limited amount of data using scintillation counting was obtained using

blastocyst outgrowths which were treated with 10 pg/ml aphidicolin and
3

assessed for inhibition of DNA synthesis following a H-thymidine pulse.
of 5 blastocysts per sample were outgrown

2

Groups

days prior to aphidicolin treatment

in order to permit adhesion, outgrowth of the trophectoderm and subsequent giant

cell formation.

Treatment of blastocyst outgrowths continuously for 48h with
3

aphidicolin resulted in the inhibition of H-thymidine incorporation into TCA
precipitable material by

867.

(Table 2).

This would suggest that some

residual activity does persist even upon extended exposure to aphidicolin.
An extensive time course for the effects of aphidicolin during the diploid to

62.

FIGURE

:

4

AUTORADIOGRAPHS OF BLASTOCYST OUTGROWTHS
FOLLOWING APHIDICOLIN TREATMENT
Blastocysts were outgrown and treated with
5 Mg/ml aphidicolin and pulsed with lOpCi/ml
H-thymidine (XIO). (A) Control and (B)
treated

63

B.

I

64.

TABLE

2

EFFECT OF PROLONGED INHIBITION OF DNA SYNTHESIS IN BLASTOCYST
OUTGROWTHS BY APHIDICOLIN

Incorporation of

3

H-thyTnidine(cpm)

7.

Inhibition

t

(df)

S sE aM*

(p<0.05)

Treated

18761260
(8)*

Control

143001660
(8)*

* Each sample contained 5 blastocysts
** result was significant at p<0.05

86.912.4

17.49(15)

65.

giant cell transformation of primary trophoblast giant cells was not undertaken
due to the difficulty in obtaining a pure population of tissues because the ICM

still remains at this stage of development.

The ICM could be removed

microsurgically from the blastocyst in order to provide a pure population of
primary trophoblast tissue, but these trophoblast vesicles would have limited

proliferation and hence insufficient tissue for analysis (Ansell and Snow,
1975).

3

Furthermore, in order to provide a reliable level of H-thymidine

incorporation, a considerable number of blastocysts would be required to provide
a time course of activity thereby rendering the availability of embryos as a

limiting factor.
Therefore, an attempt was made to provide a more quantitative assessment
of the qualitative autoradiographic observations.

Autoradiographic preparations

of the blastocyst outgrowths treated on days 2-7 in explant culture were scored

for the total number of labelled cells per outgrowth.

In order to validate

comparisons between outgrowths, the area of the outgrowths was determined and
the number of labelled cells was expressed per mm

2

of outgrowth area.

This type

of numerical representation aided in reducing variability due to size and growth
in culture. This quantitative designation was more feasible for these studies

than determining a ratio of labelled to unlabelled cells both due to the large

number of cells per outgrowth as well as the difficulty in counting cells which
are not labelled. Labelled nuclei were defined as clearly possessing a greater

density of silver grains than an equal area outside of the outgrowth ie. +
160-270 silver grains per nuclei.

nuclei contained

Autoradiographic studies of

primary giant cells indicated that treated cultures contained fewer numbers of
labelled cells/mm

2
.

However, statistical analysis employing a t-test,

for each of days 2-5, indicated that the number of labelled cells/mm

and untreated outgrowths did not differ significantly (Table

3

:

2

in treated

Figure 5).

66.

TABLE

3

NUMBER OF LABELLED CELLS IN BLASTOCYST OUTGROWTHS
AFTER APHIDICOLIN TREATMENT

DAYS EXPLANT

MEAN NUMBER OF LABELLED
CELLS/MM + S.E.M.
CONTROL

67.2 + 8.6
(6)

113.0 + 37
(4)

t(df)

TREATED

61.3 + 9.7
(7)

0.405(11)

67.

FIGURE:

5

QUANTITATIVE ASSESEMENT OF AUTORADIOGRAPHS
PREPARED FROM BLASTOCYST OUTGROWTHS IN THE
PRESENCE AND ABSENCE OF APHIDICOLIN
Blastocysts were cultured up to 7 days prior
to an 18h treatment with 5,yg/ml aphidicolin.
Cultures were pulsed with H-thymidine and
prepared for autoradiography.
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Although the statistical analysis suggested a nonsignificant difference between
numbers of labelled cells/mm

2

following aphidicolin treatment, treated

blastocyst outgrowths always possessed fewer labelled cells than control.

The

statistical result is presumably a function of the large size of the standard
error, due both to a small sample size and the intrinsic variability in age and

growth of embryos in culture. Although there is a dynamic process of giant cell
transformation proceeding with increasing duration in culture (Barlow and
Sherman, 1972), no trend towards change in aphidicolin sensitivity was apparent

with increasing time in culture. If the number of labelled cells in treated
cultures (cells/mm

2
)

is

expressed as a percentage of the number of labelled

cells/mm control outgrowths, initially there are approximately
nuclei, which drops to approximately

707.

907o

as many

in treated groups thereafter.

A

general decline in the number of labelled cells in both the treated and control
groups was noted, presumably reflecting a maturation process taking place

equally in both groups.
Since there was no significant difference in the number of labelled

cells/mm in treated outgrowths as compared to the controls it was important to
determine whether aphidicolin inhibition reduced the level of DNA synthesis

within labelled cells.

In order to address this possibility,

the extent of DNA

synthesis within labelled cells was scored visually according to a five point
labelling distribution (Figure A: see Appendix VI).

The pattern of label distribution was determined for blastocysts in culture on
days

3

and 6 in explant.

It suggested that labelled cells in treated outgrowths

possessed significantly fewer silver grains per labelled cell than controls
(Figure 6).

These results indicate that although some giant cells displayed

aphidicolin insensitive DNA synthesis, they incorporated less radioactive label
than the corresponding controls.

70.

Therefore, in summary, blastocysts outgrowths treated with aphidicolin
possess fewer labelled cells and within those cells, less label/labelled cell
than untreated controls.

Were these cells persisting in DNA synthesis a

special group of trophoblast giant cells

?

Since trophoblast giant cells are

heterogeneous in their level of polyploidization, the possibility that the cells
capable of aphidicolin insensitive DNA synthesis could be distinguished in
treated and untreated outgrowths by ploidy was considered.

Labelled giant cells

were evaluated according to nuclear area, as this is known to correlate well

with the level of ploidy within that cell(Barlow and Sherman, 1972).
The nuclear area of labelled cells derived from blastocyst outgrowths
was calculated according to the formula

AREA=

where

d

n

;

1/2 d.l/2d

and d„ are the major and minor axes respectively (Barlow and Sherman,

1972).

The distribution of labelled cells according to nuclear area did not differ
significantly between treated and control cultures according to a Chi-squared
analysis (Table 4), indicating that aphidicolin insensitive cells could not be

distinguished according to their ploidy level le aphidicolin insensitivity is

not restricted to only low or high ploidy giant cells, but is found within
cells in each ploidy class. Labelled nuclei within both groups varied from

100-lOOOu

2
.

It would seem that trophoblast giant cells gradually

endoreduplicate and that heterogeneity is retained throughout the explant
culture period ie. all giant cells do not eventually reach the same ploidy
levels.
ii). Feulgen Determination of DNA content

Since aphidicolin treatment did allow some DNA synthetic activity in

71,

TMAIv)
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I

FIGURE

:

6

QUANTITATIVE EVALUATION OF SILVER GRAIN DEPOSITION
IN AUTORADIOGRAPHS OF APHIDICOLIN RESISTANT TROPHOBLAST GIANT CELLS
Labelled trophoblast cells were scored visually
according to a five point labelling scale in treate^
and untreated blastocyst outgrowths.
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trophoblast giant cells, it was of interest to determine whether or not this
residual DNA synthesis was sufficient for complete endoreduplication within

aphidicolin 'insensitive' primary trophoblast cells.

In order to answer this

question, Feulgen staining techniques were employed to permit a quantitative

evaluation of the aphidicolin insensitive DNA synthesis observed in the primary
giant cells derived from outgrown blastocysts.

This technique is particularly

advantageous as compared to scintillation counting, as considerably fewer
numbers of blastocysts are required to accurately assess DNA synthesis and the
extent of replication within the genome can be evaluated.

Six treatments were

designed to determine the nature of aphidicolin insensitive DNA synthesis:
l.Time zero control(2 days in culture)
2.

24h (+) aphidicolin

3.

24h (-) control (3 days in culture)

4.

24h(+) aphidicolin -->24h(+)

5.

48h (+) aphidicolin

6.

48h (-) control (4 days in culture)

(an additional 24h following release

Arbitrary DNA values of absorbance due to Feulgen staining were measured
using a Vickers M85 scanning microdensitometer.

All nonoverlapping nuclei were

included in these measurements and absorbance was then plotted as log„ values as
the increse in DNA follows a geometric progression of 2

.

Liver

standards provided a means of equating an arbitrary absorbance value with a
specific DNA content for 2C, 4C and 8C and by extrapolation, the values

exceeding 8C (Figure 7).

The distribution of nuclei obtained in each of the

treatment conditions is presented in Figure 8 A-F.

A breakdown of nuclei

according to their specific ploidy values is represented in Table
ocyst outgrowths designated

5.

Blast-

Time zero, 24h(+) and 24h(-) displayed a very

similar distribution of nuclei, where the greatest proportion of nuclei were

75,

FIGURE

:

7

LIVER AND EMBRYO STANDARDS FOR FEULGEN
DETERMINATION
Liver tissue was used to establish an
absorbance standard for Feulgen stained
nuclei, as liver contains diploid, tetrploid and octoplold nuclei corresponding
to 2C, 4C and 8C values (A) and the embryo
(B).
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.

FIGURE:

8

FEULGEN DETERMINATION OF DNA CONTENT IN
BLASTOCYST OUTGROWTHS AFTER APHIDICOLIN
TREATMENT

Blastocysts were allowed to outgrow for
two days prior to the initiation of treatment with 5 ug/ml aphidicolin. One set of
outgrowths were fixed at the beginning of
the study and are designated time zero (A).
Cultures were treated for 24h (B) and A8h (E)
prior to fixation and staining. Panels (C)
and (F) represent the corresponding control
outgrowths. One group of outgrowths were
treated for 24h and released from the treatment
for an additional 24h prior to fixation (D)
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shown to have DNA content values between 2C-4C, and hence relatively few

polyploid nuclei. Chi-squared analysis of the distribution of nuclei according
to ploidy values indicated no significant difference between the time zero,

24h(+) and 24h(-) groups (p>0.05).

However, those outgrowths permitted

to continue in culture showed a definite shift in the profile of DNA content to

higher ploidy values. Those nuclei possessing greater than 4C the amount of DNA
increased as compared to the 24h control either in the presence or absence of

aphidicolln while the diploid population concomitantly decreased. However,
cultures both treated continuously for 48h and those treated and released from

aphidicolin did not possess nuclei containing greater than 16C ploidy values.
Comparisons of time zero with 48h (+) and with the comparable control indicated
statistically significant differences in each case (Table 6).

These results

suggest that DNA endoreduplication does continue during prolonged treatment with
aphidicolin, however, the extent of DNA endoreduplication was somewhat reduced
as compared to the untreated situation.

Those blastocyst outgrowths treated for

24h and then released from the influence of aphidicolin for an additional 24h

were not observed to possess a significantly different distribution of
trophoblast giant cells from those treated continuously for 48h, although they
were significantly different from the 48h control group.

This suggests that

following release from a prolonged treatment with aphidicolin, the reinstatement
of DNA synthesis does not occur fully after 24h (Figure 8 D,E).

C.

Reversibility of Aphidicolin Inhibition of DNA Synthesis

Blastocyst

outgrowths were treated with

5

ug/ml aphidicolin after

3

or 4

days in explant culture for 8-48h and then released from this treatment for an

additional 24-72h prior

to

preparation for autoradiography.

Treated and control

outgrowths consistently contained a greater number of labelled cells than the
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TABLE

FEULGEN DETERMINATION FOR DNA IN BLASTOCYSTS OUTGROWTHS
CHI -SQUARED ANALYSIS OF THE DISTRIBUTION OF NUCLEI BY
THE LEVEL OF POLYPLOIDIZATION

6

COMPARISON

X

2

1.

Time zero vs 24h(+)

5.144

2

n.s

2.

24h(+) vs 24h(-)

0.644

2

n.s

3.

Time zero vs 48h(+)

45.75

3

a

4.

Time zero vs 24h(+)-24h(-)

30.30

3

s

5.

48h(+) vs 48h(-)

30.44

3

s

6.

Time zero

118.53

3

s

7.

24h(+)-24h(-) vs 48h(+)

6.23

3

s

8.

24h(+)-24h(-) vs 48h(-)

20.23

3

s

vs 48h(-)

Indicates treatment with 5 ug/ml aphidicolin
Comparable non-treated control
p<0.05 level of significance

(+)
(-)

df

83.

comparable controls (Table 7).

These results suggested that the inhibitory

effects of aphidicolin are reversible in primary trophoblast cells derived from

blastocyst outgrowths after prolonged treatment periods.

The treatment and

release followed by culturing may have resulted in apparent synchronization of
the cultures. It is also possible that as these cultures were inhibited for 48h,

they were in fact 48h 'younger' and as such possess a greater number of labelled
If prolonged exposure to aphidicolin is detrimental to these cells, this

cells.

increase in labelling might be a result of unscheduled DNA repair type
synthesis.

Limited observations on the reversibility of aphidicolin treatment on
tissue derived from 7.5 da embryos indicated that the treatment was reversible
in each of the three tissues employed.

Figure

9

illustrates the ability of the

EM tissue to reinstate DNA synthesis 24 h after removing aphidicolin from the

culture medium.

II.

DNA Synthesis in 7.5 da Mouse Tissues
The 7.5 da embryo was extremely useful in the investigation of DNA

polymerase activity in secondary giant cells derived from the EPC.

This stage

of development can be considered relatively undifferentiated in that the

embryonic cell lineages have not yet resulted in the formation of somites or

primordial organs and are uniformly diploid.

The EX is initially diploid and

capable of undergoing giant cell transformation, producing indistinguishable
profiles by two dimensional protein electophoresis from the EPC but lagging

about

2

days behind its development (Johnson and Rossant,1981)

.

The EPC does

possess some giant cells at the onset, which are augmented with increasing time
in culture to approximately

1972).

307.,

on day 9 of development (Barlow and Sherman,

84.

TABLE

7

Reversibilty of Aphldicolin Treatment on Blastocysts outgrowths
T-test analysis of treated and non-treated tissues

Treatment

Number of Labelled cells/mm
Treated

3da->24h(+)->48h(-)

148+25.8
(9)

3da->48h(+)->24h(-)

4da->8h(+)->72h(-)

4da->24h(+)->24h(-)

4da->24h(+)->48(-)

Control

t

(df)

85.

FIGURE

9

:

AUTORADIOGRAPHIC ANALYSIS OF THE REVERSIBILITY
OF APHIDICOLIN TREATMENT IN EM OUTGROWTHS

Cultures were outgrown for 2 days and then treated
for 18h with 10 ug/ml aphidicolin. Following a pulse
with H-thymidine, control(A) and treated (B) culture
were prepared for autoradiography. A third culutre (C
was released from aphidicolin treatment for an
additional 24h prior to H-thymidine pulse and autoradiographic preparation (X25).

86

87,

Qualitative Effects of Aphidicolin Inhibition

A)
i)

Autoradiography

Autoradiographs were prepared from 7.5 da explant cultures after
treatment with lOpg/ml aphidicolin. Figure 10 illustrates the differential
labelling pattern consistently observed in response to treatment of EM, EX and
EPC with aphidicolin.

The effect of the inhibition of DNA sjmthetic activity

following treatment was most apparent in the EM tissue outgrowths.

DNA

synthesis in EM tissues treated with aphidicolin was completely inhibited is

evident from the absence of any labelled cells, regardless of the duration, dose
or time in explant culture prior to aphidicolin treatment.

This result was

expected in the EM tissue as it represents a uniform population of diploid
cells which are known to utilize predominantly DNA polymerase

a in replicative

DNA synthesis (Huberman, 1981). Explanted EX and EPC tissues consistently
possessed some labelled giant cells.
In certain instances a sharp decline in the number of labelled cells was

observed to operate equally in both treated and control cultures;
however, it was seen only on a single day (day 4), and as such is probably

attributable to culture conditions.

The ability of some cells to continue to

3

incorporate H-thymidine into the DNA of tissues undergoing the diploid to giant
cell transformation in the presence of aphidicolin suggests the presence of a

non-alpha DNA polymerase operating in a number of giant cells.

B.

Quantitative Effect of Aphidicolin Inhibition in 7.5 da Trophoblast

1)

Scintillation counting of Aphidicolin treated tissue Outgrowths
3

Differences in magnitude of incorporation of H-thymidine into each of the
tissues were noted.

The mean number of counts per minute was consistently

88.

FIGURE

:

10

AUTORADIOGRAPHS OF EM, EX AND EPC TISSUE
OUTGROWTHS DERIVED FROM A 7.5 DAY EMBRYO

Tissues were outgrown and treated with lOpe/ml
aphidicolln for 24h and pulsed for 2h with H-thymidine
at lOyCi/ml and then prepared for autoradiography.
Panels (A), (B) represent EM tissue, panels (C)
and (D) represent EX and panels (E) and (F) represent
EPC. Panels (A),(C) and (E) are untreated while
panels (B), (D), and (F) represent comparable
treated groups.
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highest in the EM tissues as compared to both the EX and EPC (Tables
Two tables are included representing separate experiments.

technical ability to obtain clean tissues was unrefined.

8

and 9).

At first, my

Acquiring technical

expertise with embryo dissection permitted the inclusion of EX in the second
The EX was a relatively small piece of tissue as compared to the other

study.

tissues (Figure 2) and this was consistently reflected in the low numbers of

counts in EX outgrowths.

The EM tissue is rapidly undergoing mitosis and cell

division as compared with the EX and EPC as evident in the higher rate of
3

H-thymidine incorporation in culture.

Previous studies (Rossant and Ofer,1977

;Johnson and Rossant, 1981; Rossant and Tamura -Lis, 1981) have shown that EX and

EPC rapidly cease cell division when Isolated and grown in culture as indicated
by the decrease in the mitotic index, and only later do they begin

endoreduplication of the genome.

Aphidicolin inhibition of DNA synthesis in

embryonic tissue (EM) was consistently greater than 90% (Table 8 and 9). DNA

synthesis was also inhibited to a great extent in outgrown EPC tissue.
However, the degree of inhibition by aphidicolin was more variable between

82-98

7,.

The degree of inhibition of DNA syTithesis of the EM and EPC were

significantly different in four out of five cases (Table 10) indicating that EPC
was inhibited but not as much as the embryo

.

In general, DNA synthetic rate diminished over time in culture in both the
3

EM and EPC tissues as judged by incorporation of -thymidine.

However there was

no apparent change in the extent of inhibition associated with the length of
time in culture despite the increased number of giant cells.

Further experiments were performed in which the extraembryonic ectoderm (EX)
tissue was included.

Tissues were dissected from 7.5 da embryos, cultured and

treated as previously described.

In this series of experiments,

consisted of an 18h incubation with 10 ug/ml aphidicolin.

the treatment

The dose was reduced

94.

and the degree of Inhibition was first assessed in EM tissue explants where this

dose was found to inhibit completely.

The EX displayed a more variable response

to aphidicolin treatment, with inhibition of DNA synthesis ranging between
61-957..

The EPC was consistently inhibited by greater than

947.

of the controls.

An ANOVA test (ie an analysis of variance) indicated that there was a significant

difference in the degree of inhibition between the three tissues in all cases
(Table 11). Given that a statistically significant difference was confirmed, it

was then considered valid to compare percentage inhibition values between each
of the three possible pairing combinations and a t-test was then employed. Both

the EX and EPC were shown to be significantly different from the EM tissue

(Appendix VI).

Therefore, although tissues actively undergoing the diploid to

giant cell transformation are inhibited, there does seem to be a small but
significant portion of aphidicolin insensitive DNA S5mthesis.
No general trend towards aphidicolin insensitivity was observed with

increasing time in culture, although both the EX and EPC represent dynamic

populations of cells undergoing the diploid to giant cell transformation.

ii) Autoradiography

-

7.5 da tissue outgrowths

As treatment with aphidicolin did not result in complete inhibition of DNA

synthesis in all cells in both the EX and EPC, it was important to assess the

nature of the residual DNA synthesis in the treated tissue outgrowths.

Was

there an equal number of labelled cells in treated outgrowths as compared to

controls and what level of labelling density was observed in aphidicolin
insensitive secondary trophoblast giant cells?
In order to provide a more reliable comparison of the autoradiographic

95.

INHIBITION OF DNA SYNTHESIS IN 7.5 da TISSUE OUTGROWTHS

TABLE 10

BY APHIDICOLIN TREATMENT

DAYS EXPLANT

7o

INHIBITION

EMBRYO

t(df)

EPC

1

96.9+1.34

95.4+1.16

3.53(27)

3

90.8+4.0

81.7+8.7

7.37(15)

3

93.1+2.4

86.3+3.5

9.13(19)

4

99.4+0.27

87.2+5.2

15.65(17)

4

98.8+0.36

98.1+2.2

1.07(10)

i

* non significant difference at p<0.05.
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TABLE 11

STATISTICAL ANALYSIS OF % INHIBITION VALUES IN COMPARISON
OF H-THYMIDINE IN EM, EX AND EPC USING AN ANOVA TEST

% INHIBITION

DAYS EXPLANT

EM

EX

EPC

99.2+0.3

60.6+16.2

97.2+0.7

906.1

99.5+0.24

80.9±6.7

98.8+0.45

336.9

98.8+0.57

95.4+2.66

99.4+0.4

41.4

98.3+0.7

93.0+2.6

92.0+2.8

>1000

96.5+2.23

91.8+1.3

94.1+3.1

26.06

98.3+0.70

84.4+6.6

95.6+2.4

72.75

Non- transformed data. Comparisons includes all three treatments.
All comparisons on each day were significant at p<0.05

,-t

t
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Table 12

Days Exp Ian

Average Area of Outgrowths (mm

Extraembryonic
Treated

Ectoderm
Control

2
)

X + S.E.M.

Ectoplacental Cone

Treated

Control

2

0.124+0.034

0.82+0.51

2.58+0.96

1.33+0.41

3

0.284+0.02

0.43+0.12

3.47+1.2

4.87+0.89

4

1.36+0.59

1.28+0.52

4.43+2.33

6.35+1.21

5

0.89±0.176

1.24+0.48

9.78+2.1

4.14+1.49

6

1.42+0.36

0.92+0.12

3.86+0.55

6.26+0.28
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STATISTICAL ANALYSIS OF COMPARISONS BETWEEN THE NUMBER OF
LABELLED CELLS /MM IN TREATED AND NON-TREATED TISSUES

TABLE 13

DAYS
EXPLANT

EXTRAEMBRYONIC ECTODERM
CONTROL
S .E.M>

170+28
(4)

TREATED
S .E.M.

t(df)

ECTOPLACENTAL CONE
CONTROL

TREATED

S .E.M.

S.E.M.

t(df)

9

9.

FIGURE

:

11

QUANTITATIVE EVALUATION OF DNA SYNTHESIS
FOLLOWING APHIDICOLIN TREATMENT IN
OUTGROWN EX TISSUE

Autoradiographs of treated and untreated EX
outgrowths were evaluated for the number of
labelled cells/mm tissue
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FIGURE: 12

QUANTITATIVE EVALUATION OF DNA SYNTHESIS
FOLLOWING APHIDICOLIN TREATMENT IN
OUTGROWN EPC TISSUE
Autoradlographs of treated and untreated EPC
outgrowths were evaluated for the number of
labelled cells/mm tissue.
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studies, the numbers of labelled giant cells in the EX and EPC were counted.

Comparison of the area of outgrowths as a function of time in explant culture
revealed that there was no significant difference in the area in treated and
control groups (Table 12; Appendix VI). However, to standardize the comparison,
the areas of the respective outgrowths were determined and the data presented as
a comparison of the number of labelled

cells per mm

2

tissue (Table 13).

These same data are plotted graphically in Figures 11 and 12.

Non- treated

outgrowths of EX and EPC consistently contained significantly greater numbers of
labelled cells /mm

2

than treated tissues.

decrease in the number of labelled cells/mm

Although there was a progressive
2

with time in culture in both

groups, the ratio of labelled cells in treated to control groups remained

relatively constant.

No obvious trend towards a progressive increase in

numbers of labelled cell/mm
cultures.

2

over time in culture was observed in treated

Therefore, although these tissues are actively engaged in the diploid

to giant cell

transformation, no apparent 'switch'

to an

aphidicolin insensitive

DNA polymerase was detected.
Therefore, there was no obvious relationship with increased ploidy levels,
at least not in terms of an increased number of cells.

However, it might be

that cells that show some resistance to aphidicolin show an increased degree of

resistance with time in culture.

In order to address this possibility,

the

extent of labelling in labelled cells was evaluated in treated and control
tissues (Figure 13).

Assessment of the amount of label per labelled cell was

made according to a five point labelling scale (Figure A) as previously
described.

The level of silver grain deposition was significantly different in 7/9
2

(X

test; p<0.05) instances between treated and control outgrowths derived from

the EX and EPC.

Treated tissues generally possessed labelled nuclei which

contained fewer silver grains ie. less label per labelled cell than did
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controls.

Therefore, although some cells do retain the ability to continue DNA

synthesis in the presence of aphidicolin, this is not at the same level as in

untreated cells.

These results further substantiate scintillation counting

data, which suggested that DNA polymerase

trophoblast giant cells cultured in vitro

was involved in DNA synthesis in
.

Thus, after aphidicolin treatment, the number of labelled cells is lower and
the amount of label per nucleus is reduced.

Is

there any other method which would

allow one to distinguish this population which displayed differential

aphidicolin insensitivity?

Previous data indicated that there was no increase

in the number of labelled cells or the amount of label/ nucleus over time; this

suggested that there was no relationship between aphidicolin insensitivity and

ploidy level.

To further assess this possibility, the area of aphidicolin

insensitive nuclei were measured directly as Barlow and Sherman (1972) have

compiled data suggesting that a proportional relationship exists between
trophoblast giant cells and the DNA content of these nuclei.

Thus, by

measurements of the nuclear area of labelled cells, one could distinguish
whether there was a certain population of trophoblast cells, distinguished by

degree of polyploidization, which display aphidicolin insensitive DNA synthesis.
The nuclear areas of labelled cells derived from EX and EPC were calculated
as previously described.

There was no apparent trend which identified labelled

cells according to a nuclear size category and therby distinguishes between

treated and control outgrowths in either the EX (Table 14) or the EPC (Table 15).

Chi-squared analysis confirmed that no significant difference existed between

distribution of sizes of labelled cells in treated and control groups (Table 16).
In those cases where a significant difference did occur, it was attributable to

the predominance of larger nuclei (giant cells) within the control population.

Therefore, there does not seem to be any selective aphidicolin insensitivity
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Table 16

DAYS EXPLANT

STATISTICAL ANALYSIS OF NUCLEAR AREA IN LABELLED CELLS DERIVED
FROM OUTGROWN EX AND EPC TISUES

CHI-SQUARED VALUE(df)
EX

2(+)vs(-)

NA

EPC

9.48(5)

PR0BABILITY(0.05)
EX

-

EPC

ns

3(+)vs(-)

4.17(3)

12.25(5)

ns

s

4(+)vs(-)

9.27(4)

5.76(4)

ns

ns

5(+)vs(-)

22.84(4)

8.97(2)

s

6(+)vs(-)

4.85(3)

1.58(4)

ns

s

ns

no.

conferred upon trophoblast giant cells which is distinguishable on the basis of

nuclear size

III.

2
(

p

)

and by association, the degree of ploidy.

Midgestation Trophoblast

Trophoblast tissue overlying the embryo was used exclusively in the
studies of secondary midgestation trophoblast.

Prior to use, including

aphldicolin treatment, the underlying endoderm was removed.

Autoradiographs of

9.5-11.5 trophoblast were scored for the presence of labelled diploid cells, to
act as an internal indicator of the efficacy of the treatment, that is the cells
were viable and undergoing DNA synthesis.

The number of labelled giant cells

was scored per cell spread, each of which was derived from the trophoblast of a

single embryo.

Treatment with 10

y

g/ml aphidicolin resulted in a reduction in

the number of labelled giant cells as compared to the controls (Table 17).

In

3

all instances, aphidicolin inhibited the incorporation of H-thymidine by diploid
(EPC) cells.

Although some labelled cells were apparent in tissue spreads

derived from 9.5 da trophoblast following aphidicolin treatment, no labelled
giant cells were observed in the untreated controls on day 10.5-11.5.

The

absence of labelled cells in the 10.5-11.5da trophoblast may suggest that these
cells have entered a period of quiescence by this time in development (Figure 14).

Therefore, the exact nature of DNA polymerases as measured by the effect of

aphidicolin treatment within midges tational trophoblast could not be assessed in
these stages of secondary trophoblast tissue.

IV. DNA POLYMERASE ACTIVITY IN TISSUE LYSATES FROM 7.5 da MOUSE TISSUES

An

in vitro DNA polymerase assay was undertaken in order to determine the

111.
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FIGURE: 14

AUTORADIOGRAPHIC ANALYSIS OF THE RESPONSE
OF MIDGESTATIONAL TROPHOBLAST TO INHIBITION
OF DNA SYNTHESIS BY APHIDICOLIN

9.5 day trophoglast were dissected from the
placenta and incubated immediately in 10 yg/ml
aphidicolin. Tissues were pulsed with H-thymidine
during the last 2h of the treatment at lOyCi/ml.
(A) control and (B) treated preparation (X25).
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nature of the DNA polymerase responsible for residual DNA synthesis observed in

trophoblast giant cells derived from the EX and EPC of 7.5da mouse embryos. This
type of approach allows one to distinguish between the DNA polymerases which are

active in the intact tissue,

assessed by autoradiography or scintillation

counting, and those polymerases present within the tissue which may or may not
be active. Evaluation of the DNA polymerases within tissue lysates allows for
the use of a number of specific inhibitors which are not permeant in intact

actively growing tissues.

This system was also potentially of great use as only

a minimum of tissue was required for lysates as compared to the large quantities
of tissues necessary for purification of the individual DNA polymerases.

As such,

early postimplantation stage embryos could be investigated whereas in the past

only those stages in which relatively large quantities of tissue were obtainable
could be studied. Furthermore, these lysates provide an intact system where either

potential activators or inhibitors are probably retained as found in the native state.

High molecular weight DNA was obtained and subsequently 'activated'

according to the modified procedure of Aphosian and Romberg (1962).

To ensure

that the extracted DNA was initially high molecular weight and that subsequent

treatment with DNase

I

resulted in the formation of a gapped template, samples

of the initial preparation of DNA and 'cut' DNA were run on a 0.87, Agarose gel

(Figure 15).

This indicated that the activation procedure did succeed in

cutting the high molecular weight DNA into a continuum of smaller DNA fragments.
In order to assess the ability of the 'activated' M. musculus template to

incorporate radiolabelled nucleotide, the template was subjected to conditions

which were optimal for a 'nick translation' in the presence of the prokaryotic
In this reconstituted pseudo-nick translation reaction no

DNA polymerase I.

additional DNase

I

was utilized as the template should already be primed to

115,

FIGURE: 15

AGAROSE GEL ELECTROPHORESIS OF AN ACTIVATED
DNA TEMPLATE AFTER DNASE I TREATMENT
Lanes designated by (A) contained high MW
DNA samples which had not been DNase I
treated.
After DNase I digestion a smear
of DNA was observed (B)
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incorporate nucleotides.

Under conditions optimized for the prokaryotic DNA

polymerase, the 'activated' template incorporated nucleotides well, giving
a specific activity of 4.6 X 10

'activated'

cpm/yg.

The specific activity of the

template suggested that it was capable of a moderately high level of

incorporation, sufficiently high that assessment of DNA polymerases from tissue
lysates should be possible.

The 'activated

'

template was then employed in a similar reaction mixture

which was to produce conditions favourable to eukaryotic DNA polymerases.
Again, the prokaryotic enzyme was employed to assess the reconstituted assay

since no pure eukaryotic DNA polymerase was available. Conditions optimized for

eukaryotic DNA polymerase resulted in a specific activity of 6.6 X 10 cpm/yg as
calculated from the most active fraction.

Under these conditions a one hundred

fold decrease in the specific activity was obtained as compared with those where

conditions were optimized for the prokaryotic polymerase.

This dramatic

decrease in the level of incorporation was largely attributable to the shift in
the pH of the translation conditions ie. pH 7.2 is optimal for DNA pol I whereas

eukaryotic DNA polymerases are more active at pH 8.5.

However, this indicates

that conditions were not completely detrimental.

Preliminary trials of the
of the three tissues to ensure

in vitro DNA polymerase assay were used with each
that this procedure was incorporating

radiolabelled nucleotides into the DNA template.

Unincorporated counts were

removed after passing the reaction mixture through a Sephadex/Chelex column and

collecting fractions until a peak of activity corresponding to unincorporated
3

H-nucleotides was detected.

were then subjected to DNase

DNase

I

Those fractions containing the highest activity
I

treatment. TCA precipitable counts indicated that

treatment reduced the number of counts to

(Table 18).

107,

of the original activity

This result suggested that the incorporation of radioactive

118.

TABLE 18

ASSESMENT OF ASSAY FOR DNA POLYMERASE ACTIVITY- INCORPORATION
OF H-TTP INTO AN ACTIVATED DNA TEMPLATE

FRACTION

COUNTS /MIN
(+) DNase I

7,

LOSS OF COUNTS

(-) DNAse I

1

4190

46268

91

2

4790

50055

90

37383

88

3

4591

119.

nucleotides was restricted to DNA and hence mediated by DNA polymerase action.
Tissues from 7.5 da embryos ie. EM, EX, and EPC were cultured for 2-5 days
prior to their use in a reconstituted DNA polymerase assay.

Tissue lyates were

incubated together with nucleotide triphosphates and an 'activated' template in
the presence of various inhibitors of DNA polymerases.

Incubation of tissue

lysates with aphidicolin produced rather surprising results.

Addition of

concentrations of aphidicolin up to 700 pg/ml did not result in the inhibition
normally observed.

In contrast to the consistently high inhibition of DNA

synthesis observed in actively growing EM tissues, addition of aphidicolin to
3

tissue lysates from outgrown EM produced very slight inhibition of H-TTP

incorporation into the DNA template.

Reduction in concentration of dNTPs, which

are known to compete with aphidicolin in purified preparations of DNA

polymerases, did not result in any change in the inhibitory effects of

aphidicolin.

In a similar manner, inclusion of aphidicolin with lysates

obtained from EX and EPC did not produce any notable inhibition.

In fact, the

presence of aphidicolin in these reconstituted assays often resulted in a

stimulation of incorporation into the DNA template.

These results are

confounding and suggest that the action of aphidicolin is dramatically altered
in this reconstituted in vitro assay.

Therefore, the reverse approach to the

problem was used to address DNA polymerase a activity ie. DNA polymerases
Y were inhibited and uninhibited polymerase

g

and

a activity was measured.

In order to determine the relative abundance of DNA polymerase

inhibitor of polymerases a and Y (Romberg, 1980) was used.

3

,

NEM, an

It consistently

resulted in the inhibition of nucleotide incorporation into the 'activated'
template.

Treatment of EM lysates with NEM suggested that

between 6-217. could be detected over time in culture.

g

polymerase activity

However, the EX and EPC

tissue lysates, although consistently inhibited by NEM, displayed a more

120.

variable and higher percentage of

g

polymerase activity.

This result could have

been predicted as autoradiographic studies indicated the presence of aphidicolin

insensitive DNA synthesis within the subpopulations of trophoblast giant cells
derived from outgrown EX and EPC tissues, but absent in the EM (Table 19 and
Table 20).
Since aphidicolin inhibition could not be reliably achieved in this assay
system, an additional inhibitor of polymerase

g

and

This nucleotide analogue inhibits DNA polymerases

measure of DNA polymerase

ou

3

y

was employed, d-TTP.

and y

»

and thus provides a

Addition of d„TTP did not produce any dramatic

change in the degree of incorporation mediated by EM tissue lysates (Table 21).

This result suggestd that DNA polymerase

with the diploid EM tissues.

a is the primary DNA polymerase operating

A similar response was observed in the EX tissue.

This tissue is initially diploid and progressively undergoes as diploid to giant
cell transformation with increasing duration in culture (Rossant and Of er, 1977).
In contrast, assays in which EPC tissue lysates were employed as the source of DNA

polymerases displayed approximately

407..

inhibition of incorporation as did

aphidicolin treated tissue lysates in this instance (Table 21).

As this tissue

contains actively endoreduplicating giant cells which do display some non-alpha

DNA polymerase activity, this inhibition might suggest that some DNA synthesis
was mediated by either DNA polymerases

3

or y

•

Use of calf thymus DNA as template

resulted in comparable results to that obtained with the musculus template (Table
21 B).

It was intersting to note that with the latter as template aphidicolin

inhibition was noted albeit at much lower levels than consistently seen by

scintillation counting or autoradiography.
In conclusion, these results are variable, but, excluding the inability to

demonstrate aphidicolin inhibition in the EM, the results do support the in vivo
data and suggest that DNA polymerase a

is

the primary DNA polymerase operating.
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TABLE 20

EFFECT OF INHIBITORS ON INCORPORATION INTO AN
'ACTIVATED' DNA TEMPLATE *

PERCENT ACTIVITY
DAYS EXPLANT

EMBRYO
A/C

NEM/C

NEM/C

211

111

41

204

37

51

91

25

13

320

54

127

123

360

57

88

47

101

71

90

88

*

EPC

A/C

84

2'

EX

19

11

400

70

A/C

NEM/C

Data presented in Table 19 as Mean± S.E.M. (cpm) are presented here
as percentage activity.

A= aphidicolin
C= control
NEM= N-ethyl maleimide
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DISCUSSION

The nature of DNA polymerase activity has been investigated in primary and

secondary giant cells derived from mouse blastocysts (3.5da embryos) and 7.5 da
diploid EPC tissue respectively.

The ability of trophoblast giant cells to

continue DNA synthesis, as measured by the incorporation of

3
[

H] -thymidine, has

been assessed in the presence of aphidicolin, a specific reversible inhibitor of

DNA polymerase

a (Ikegami,1978).

DNA synthesis was inhibited significantly in blastocysts outgrown in

culture for up to

days prior to treatment with 5ug/ml aphidicolin as indicated

7

by autoradiography (Figure: 3) or by scintillation counting.

Continuous

treatment of blastocyst outgrowths for 48h indicated that

of the DNA

867.

synthetic activity was inhibited by aphidicolin as measured by incorporation of
3

H-thymidine.

Even after extended treatment periods of up to 72 h, residual DNA

synthetic activity was observed in some giant cells.
A differential sensitivity of the tissues in blastocyst outgrowths was
noted. Prolonged treatment with aphidicolin resulted in the death of the ICM

cells whereas the trophoblast tissue remained attached to the substrate and

capable of limited

3

H-thymidine incorporation.

The remarkable resilience of primary giant cells to extended treatment

periods with aphidicolin as compared to the ICM cells distinguishes trophobast

giant cells as possessing unique biochemical and physiological properties not
shared by the pluripotent ICM lineage. The ICM is known to be differentially

sensitive to antimetabolites as compared to the trophectoderm (Sherman, 1979).
This sensitivity is more than likely a reflection of the rapid differentiation
and increased mitotic rate experienced within the ICM which thereby renders it

more sensitive to any perturbation (Barlow et al, 1972; Sherman, 1979).
The response to aphidicolin treatment strongly implicated DNA polymerase a

125.

as the primary replicase enzyme functioning in primary trophoblast giant cells,

althought a small but significant amount of aphidicolin insensitive DNA
synthetic activity was consistently observed.
Mouse embryos obtained at 7.5 da of development possess three distinct
regions which can be isolated without cross contamination, the embryo proper
(EM), the extraembryonic ectoderm (EX) and EPC.

These three regions provide an

ideal experimental system for investigating DNA polymerase activity during the

diploid to giant cell transformation of secondary trophoblast giant cells.

The

EM represents a uniformly diploid population, the EX is initially diploid but is
capable of undergoing giant cell transformation and the EPC initially contains

both diploid and polyploid trophoblast cells.
87.

By the

7

th day of development,

of EPC nuclei have DNA contents greater than 4C, and by the 8-9th day, 30-407.

of the trophoblast cells have DNA content values greater than 4C (Barlow and

Sherman, 1972).

DNA synthesis in outgrown EX and EPC tissues was consistently inhibited
after treatment with aphidicolin (Figure: 7) as compared to untreated controls.
However, residual DNA synthetic activity was always evident either as labelled
3

cells in autoradiographs or as a residual incorporation of H-thymidine as

indicated by scintillation counting (Table 9).

These results suggest that DNA

polymerase a is primarily responsible for endoreduplicative DNA synthesis in the
secondary trophoblast giant cells.

However, a small but significant aphidicolin

insensitive activity also operates within some of these cells.
There is a strong indication from these results that both primary and

secondary giant cells utilize DNA polymerase a to accomplish their

characteristic endoreduplication.

Furthermore, there does appear to be some

significant activity which is refractory to aphidicolin inhibition.

126.

Althought both of these experimental systems ie. 3.5da blastocyst
outgrowths and 7.5da tissue outgrowths are dynamically undergoing the diploid to

giant cell transformation, no detectable change in sensitivity to aphidicolin
treatment was noted with increasing time in culture.

Thus although it has been

shown that the population of trophoblast giant cells is steadily augmented over
time in culture (Barlow and Sherman, 1972; Johnson and Rossant,1981)

,

no

concomitant 'switch' in aphidicolin sensitivity was apparent in either primary
or secondary giant cells.

Evidence that primary and secondary giant cells use a

polymerase suggested

that endoreduplication is not mediated predominantly by polymerases

3

and/or y

•

Kalf and his coworkers (1980;1981) and Seigel and Kalf(1982) have suggested that
in 13.5da rat trophoblast giant cells, non alpha DNA polymerases are very

important for endoreduplication. What remained unclear from their studies was

whether this was also true of earlier trophoblast giant cells and whether a
'switch'

in polymerase activity was associated directly with the diploid to

giant cell transformation.

However, the present results suggest that in the

mouse earlier trophoblast giant cells use DNA polymerase a for
endoreduplication.

Later stage mouse trophoblast tissue obtained from midgestation stage
embryos at days 9.5-11.5 was subjected to a limited series of experiments in

order to try to confirm that mature secondary trophoblast tissue in the mouse
does show some non-alpha DNA polymerase activity as demonstrated in the 13.5 da

rat tissue.

Trophoblast at these stages was considered comparable to the 13.5

day trophoblast derived from the parietal yolk sac in rat used by Kalf and his

co-workers (1980;1981) and Seigel and Kalf (1982).

Trophoblast tissue is

considerably more difficult to obtain in the mouse as compared to the rat, due
to the morphological difference

in placental structure which favours obtaining
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pure trophoblast from the rat.

In contrast, trophoblast tissue in the mouse is

Intimately associated with the placenta and the parietal yolk sac and hence it
is easily contaminated by ICM derivatives at these later stages of development.

Midges tation trophoblast obtained directly from the embryo was generally

refractory nature to incorporation of

3

H-thymidine, although giant cells

were present and intact in these populations.

Diploid cells comprise 60-707,

of the mature placenta and these cells appeared to respond in a consistent

manner to aphidicolin treatment and autoradiographic evaluation ie. diploid
cells in untreated controls were labelled whereas those in treated groups were

unlabelled.

The presence of labelled giant cells within treated 9.5da tropho-

blast tissue, although fewer than in controls, suggests that this apparent

aphidicolin insensitivity was not an artefactual result.

However, the

absence of labelled giant cells in day 10.5 and 11.5 trophoblast is somewhat
puzzling.

These results might indicate that beyond day 9.5 of gestation,

trophoblast giant cells become quiescent

and cease DNA synthesis.

Studies

of trophoblast tissues in midges tational rat placenta have suggested that
a period of quiescence can be detected by the failure to incorporate
3

H-thymidine into intact tissues (Jollie, 1966).
Whether or not mature trophoblast giant cells use non-alpha polymerase

could not be determined as we could not study trophoblast effectively at these
later stages of development. But the possibility remains that some non alpha DNA

polymerase activity may be involved in endoreduplication even if it is not at the
levels predicted by Kalf and co-workers (1980;1981) and Seigel and Kalf(1982),

because some residual DNA synthesis is apparent in both primary and secondary
giant cells at earlier stages of development.
It was important to establish that the inhibition observed was not due to

toxicity effects ie. cell death.

Aphidicolin has been lauded as a specific

.jblff^Tt
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reversible inhibitor of DNA polymerase a activity (Ikegami,197»; Huberman,1981)
and has been succcessfully used to synchronize cell cultures (Pedrali-Noy and

Spadari,1978).

As aphidicolin is readily reversible as a competitive inhibitor,

this antimetabolite has been used extensively with a variety of embryos in order
to investigate the potential erfects of the interruption of DNA replication on

subsequent development. A number of investigators, employing both invertebrate
(ie.polychaetes Brachet et al.l981 and echlnoderm Nagano et al,1980;Oguro et al,
1981) and chordate embryos (eg. ascidians, Satoh and Ikegami, 1979; Satoh,1981)
as well as mouse embryos (Alexandre, 1982; Cozad and Warner, 1982; Dean and Rossant,

198A) have discovered that the reversible action of aphidicolin was limited to

incubation periods which do not exceed a single cell cycle during cleavage. However,
in the present study well established blastocyst outgrowths subjected to extended

incubation periods with aphidicolin could be released from this treatment and
then displayed significantly greater levels of DNA synthesis than the untreated

controls within 24 h of the removal of the drug (Table 7). The reversiblity of the

inhibitory treatment was also evident in the 7.5 da tissues especially the EM proper
(Figure 9).

Thus, aphidicolin action is reversible in trophoblast giant cells

and toxic effects are restricted to diploid cells in early preimplantation

development.

Furthermore, these results provide further evidence that DNA

polymerase a is used by trophoblast giant cells. This increase in both the

number of labelled cells and the extent of labelling within an outgrowth after
treatment and release from aphidicolin adds support to the idea that DNA

endoreduplication in primary trophoblast cells is mediated primarily by DNA
polymerase a

.

Therefore, it would appear that endoreduplication in primary and secondary
giant cells is mediated by DNA polymerase

a.

Furthermore, although the
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population of trophoblast giant cells Is augmented with increasing time in
culture, no apparent trend towards increased aphidicolin insensitive DNA

synthesis was noted.

Although DNA polymerase a appears to be the major DNA

polymerase active at this time in development, a small but significant component
of non-alpha polymerase was observed.

An interesting aspect of these results was the apparent heterogeneity of

lobelling patterns w-thin these outgrowths. Some giant cells appeared to be

partially inhibited while others were either completely inhibited or, in
contrast, completely noninhibited.

However, it was consistently shown that nuclei

capable of continued DNA synthesis in the presence of aphidicolin contained a

significantly lower density of labelling than the controls.

This suggests that

some giant cells were capable of using an alternate polymerase in the presence
of aphidicolin while others appeared to possess exclusively DNA polymerase a.

The heterogeneity of labelled cells was assessed in various ways. The number
of labelled cells was used as a measure of DNA synthetic ability in the presence
of aphidicolin. Treated tissues from blastocysts, EX and EPC consistently

contained fewer numbers of labelled cells than the controls (Figure
11 and 12).

5

and Figures

This difference was not statistically significant in blastocyst

outgrowths but was significant in EX and EPC outgrowths.

This result indicates

that DNA polymerase is present even in trophoblast nuclei displaying residual

aphidicolin insensitive DNA synthesis.

The nuclear area of labelled giant cells

was investigated to see whether or not there was a relationship between residual

DNA synthesis and nuclear area ie. was there a "ploidy level" where DNA

polymerase a activity was decreased and replaced by a non-alpha polymerase
activity. Statistical analysis did not distinguish any significant difference

between treated and control outgrowths with respect to nuclear area of labelled
cells.

Therefore, although the results of Kalf etal (1980,1981)

would have

79W9i
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predicted that the largest of giant cells within the population might display
some non-alpha polymerase activity, these results could not support this

prediction.

Although DNA synthesis continued during aphldlcolln treatment, albeit at a
reduced level. It could not be determined by autoradiography whether or not this
was endoredupllcatlve DNA synthesis or partial replication.

In order to address

this possibility, Feulgen staining of blastocyst outgrowths was used to measure
the C values of nuclei to determine if endoredupllcation could take place in the

presence of aphldlcolln (Figure 12 A-F).

If primary giant cells use DNA polymerase

exclusively for endoredupllcatlve DNA synthesis, treatment with aphldlcolln
should completely inhibit this process and, the time zero controls
should be indistinguishable from the 48h treatment group.

Conversely, if

trophoblast giant cells are employing a non-alpha DNA polymerase exclusively,

aphldlcolln treatment should be ineffective and the DNA content profile should
closely resemble the 48h nontreated group.
nor completely refute these predictions.

The results obtained neither confirm
It would appear that inhibition by

aphldlcolln does impair the steady accumulation of DNA characteristic of
endoredupllcation. However, a significant increase does appear is evident from
the Increased proportion of nuclei exceeding the 4C value following an extended

treatment period (Figure 12A,E).
Therefore, primary giant cells are capable of some residual DNA synthesis
In the presence of aphldlcolln.

However this residual synthesis appears to be

insufficient for complete endoredupllcation. These studies suggest that DNA

polymerase a is responsible for the majority of DNA synthesis within primary
trophoblast giant cells.
It is extremely Important to recognize any alternate Interpretations of

these results with respect to the validity of the putative residual DNA

f-,-,t
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synthesis observed.

What are the possible explanations for the residual DNA

synthesis observed in primary and secondary giant cells?

First there is the

possibility that the residual DNA synthesis observed in some giant cells in the
presence of aphidicolin is due to differential permeability of trophoblast giant
cells to aphidicolin.

This could be evaluated by employing radioactively

labelled aphidicolin.

No radiolabelled aphidicolin was commercially available

and although an organic synthesis for this inhibitor was available, this was not

considered to be a feasible approach.

Secondly, pool sizes of the dNTPs within

certain trophoblast giant cells might be exceptionally large. Aphidicolin is a
competitive inhibitor of polymerase a and is purported to bind at the dNTP
binding sites on the enzyme (Huberman,1981)

.

High concentrations of dNTPS

would outcompete aphidicolin and confer some apparent resistance to these
cells. Evidence in support of this has been reported in mutant strains of mouse

FM3A cells where aphidicolin resistence is related to the high concentration at

which the dATP pool size regulates (Ayusawa et al,1979).

A similar result has

been observed in human fibroblast cell lines displaying aphidicolin
insensitivity (Synder and Regan, 1982).

Thirdly, the possibility still remains

that some trophoblast giant cells possess unusually high non-alpha polymerase

activity ie. polymerase

3

or y. This in vivo system does not permit one to

distinguish between these three possibilities.
To determine unequivocally the nature of DNA polymerase activity in the giant

cells one would like to obtain purified preparations of DNA polymerases.

Although

desirable, this type of an approach is not usually feasible due to limitations on
the amount of tissue available from early stage mouse embryos.

In order to address this problem of limiting resource of embryonic material,

Keissling and Weitlauf (1979) have described a micro-assay capable of detection of
DNA polymerase activity during early embryogenesis up to the blastocyst stage.

By
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using tissue lysates some of the alternative explanations of the residual DNA
synthesis can be evaluated.

Tissue lysates require the disruption of the cells

thereby ensuring the acccessability of aphidicolin to all cells as well as

equalizing the dNTPs pool thus neutralizing the second possibility. Furthermore,
each of aphidicolin, NEM and

d

TTP can be employed now to assist in determining

the identity of the non alpha DNA polymerase(s) activity.

There are a number of limitations associated with this type of assay.
As evident from scintillation counting data, there is considerable cell number

and tissue variability.

This stems from both the intrinsic variability in the

timing of development of embryos and slight differences in growth rates in
culture.

Further limitations might include the ease or difficulty in obtaining

adequate tissue lysis in order to cause release of these polymerases.

Another

limit of the usefulness of this assay is the fact that the reaction conditions

have been optimized for DNA polymerase a activity, the major DNA polymerase in

mammalian cells.

These conditions are sufficient but not optimal for detecting

the minor activities associated with DNA polymerases

3

and y

(Keissling and

Weitlauf, 1979). Therefore, the studies reported here do not represent absolute

quantities but rather they identify polymerases

3

and y

,

if present, in each of

these tissues.

DNA polymerase activity measured in tissue lysates in an in situ DNA
polymerase assay failed to display the predicted level of aphidicolin inhibition
at high doses of inhibitor, in the EM control. Taking into consideration the

importance of the concentration of dNTPs and the effectiveness of aphidicolin
inhibition, the failure to achieve high levels of inhibition comparable to that

within the intact system might result from an excessively high dNTP pool size in
the reconstituted assay. However, neither reduction of the concentration of the

dNTPs within the assay, nor increasing the concentration of aphidicolin resulted
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in any enhanced Inhibition.

Aphidicolin insensitivity in intact cells waa

associated with increased dNTPs (Ayusawa et al. ,1979;Sugino and Nakajama, 1980).
Ayusawa et al (1980) has reported that the inhibitory effectiveness of

aphidicolin on DNA polymerase activity was altered dramatically between intact
cells and the purified polymerase. The inhibitory effects of aphidicolin were

similar in the intact cell and lysolecithin permeabilized cells. In contrast, a
100 times higher concentration of aphidicolin was required to inhibit the

purified DNA polymerase

oc

(Ayusawa et al. 1980). These analyses suggest that

inhibition is competitive with respect to dCTP, noncompetitive with respect to
type other dNTPs and uncompetitive with respect to DNA (Oguro et al., 1979). If
the polymerase is not purified,

the mechanism of inhibition is certainly

altered; DNA synthesis by isolated nuclei, permeabilized or intact cells is

inhibited competitively when all four dNTPs are varied together but

noncompetitively by the individual dNTPs (Ayusawa et al.,1980; Oguro et al.,
1980). Why all four dNTPs together compete with aphidicolin in nuclei and cells

while only dCTP competes with aphidicolin in studies with purified polymerase is
not clear, but it strongly suggests that the microenvironment of DNA polymerases
in vivo or in isolated nuclei is different from that of the purified DNA

polymerase (Huberman, 1981).

Therefore, it is not too surprising that

aphidicolin did not inhibit effectively and that other inhibitors
were necessary.

Treatment with NEM, an inhibitor of polymerases a and y

>

produced

relatively uniform inhibition (80-907o) within the EM tissue, with no apparent
trends over time in culture. Again, a more variable pattern of inhibition was

obtained in the EX and EPC suggesting that most activity is due to DNA
polymerases a and y although some

6

polymerase activity was apparent.

As aphidicolin inhibition could not be readily demonstrated in the
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lysate assay another inhibitor of DNA polymerases was employed, d„TTP, an

inhibitor of polymerase

activated

g

and

y (^denberg et al.,

1978). Using both an

Mus musculus and calf thymus template, d TTP showed no significant

inhibition within those tissues with a predominance of diploid cells, while
the EPC did show some response to this treatment. This result suggests that EPC

unlike the EM and EX does show some signs of possessing a larger proportion of
either polymerase

gory.

However, this apparent increased amount of activity

might be a reflection of a high level of mitochondrial DNA synthesis in
trophoblast giant cells, which are known to be rich in mitochondria

.

Thus it the precise nature of residual DNA synthesis observed in

secondary giant cells
is DNA polymerase

g

is

still not clear, that is we do not know whether it

or y activity.

In contrast to the results obtained by Kalf and his collaborators

(1980;1981) and Seigel and Kalf (1982) in 13.5 day trophoblast, the earlier

mouse trophoblast tissue seems to carry out DNA endoreduplication by using

markedly different proportions of polymerases. Siegel and Kalf (1982) have
suggested that DNA polymerase activity associated with endoreduplication in
secondary giant cells is mediated by polymerase

g

.

This conclusion is

drawn, in part, by the absence of any significant degree of inhibition of

trophoblast nuclei by aphidicolin within a reconstituted assay system.
However, based on the present results showing a similar apparent absence
of DNA polymerase alpha activity, it would seem valid to speculate that

under the conditions where a purified preparation of polymerase or actively

growing tissue is not used, that aphidicolin may be virtually ineffective in its

normally prescribed function as an inhibitor of DNA polymerase a

•

The

strongest piece of evidence to suggest that this might be happening is the

absence of a clear inhibitory effect by aphidicolin in the EM tissue which, as a
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uniformly diploid population is known to employ predominantly DNA polymerase
in repllcative DNA synthesis.

This study represents, in part, a feasibility study of the usefulness of
this type of an assay on in situ tissues lysates obtained from cultured 7.5 da

embryonic tissues. In principle, this type of an approach should provide an
optimal series of conditions in which to evaluate the nature and profile of DNA

polymerases within tissues possessing a unique DNA replicative status, namely
endoreduplication.

This

in situ approach allows one to study systems which

remain intact and presumably retain any and all of their potential inhibitors or
activators. Ideally this type of an assay should avoid any of the potential

criticisms that purification may be subject to such as alteration of the
activity or structure of the system under investigation.

However, this

system was highly variable and did not seem amenable to this approach.

During the course of the series of experiments an unusual observation was
made concerning the EM portion of the 7.5 da conceptus. Initially, there was

very little tissue differentiation.

However, rapid cell growth and

morphogenesis proceed in culture. Embryos become attached to the substrate and
undergo extensive growth and organogenesis within 24-48 h in culture.

During

the first 24hrs in culture minimal differentiation is apparent as the tissue

adjusts to the culture environment.

Cultures were routinely treated with

aphidicolin prior to the morphogenesis of cardiac muscle tissue, which normally
appears between days 8-9 of normal development (Stevens and Snell, 1966).
However, these treated cultures were equally capable of continued morphogenesis

resulting in the formation of a beating bundle of cardiac tissue.

Extended

treatment of EM tissue was compatible with the persistence of beating cardiac
tissue, although it could be demonstrated that DNA synthesis had been inhibited
by

977.

(Table 1). In contrast, treatment of this tissue immediately following
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dissection ie. as opposed to treatment after 24 culture, does not permit the
appearance of differentiated cardiac muscle tissue. Clearly, the absence of DNA

replication over an extended time period (ie. several cell cycles) Is not
requisite for the maintenance of cardiac muscle function. However there does
seem to be a critical period where DNA synthesis is absolutely necessary for
the normal process of differentiation to be carried out. These results appear
to imply that DNA synthesis and cell growth are important up to a critical

time in the morphogenesis of active (beating) cardiac muscle tissue.

Satoh and Ikegami (1981a) have shown that the cycle of DNA replication is

closely associated with the 'clock' mechanism determining the timing of the
initiation of muscle acetylcholinesterase (AChE) activity which can be
detected within the presumptive muscle cells of the neurula stage in ascidian
development. Embryos subject to permanent arrest by aphidlcolin prior to the
64 cell stage did not develop AChE activity whereas those treated at the 76

cell stage and onward were able to differentiate AChE activity (Satoh and

Ikegami, 1981a). These results suggest an intimate association between this

differentiation of AChE and DNA replication.
Results in the present study are somewhat comparable to those observed by

Satoh and Ikegami (1981a).

Treatment of embryos at 7.5 da prevents subsequent

cardiac muscle formation while treatment 24h later is compatible with muscle
formation. It would appear that during different periods in development certain
cell lineages display differential sensitivity to the interruption of DNA

synthesis. Preimplantation mouse embryos at the 8-16 cell stage show restricted

tolerance to inhibition of DNA synthesis; only short term treatments, not exceeding a single cell cycle (lOh) are compatible with further development (Dean and

Rossant, 1984).

At the blastocyst stage differential sensitivity is marked

between the ICM and trophoblast giant cells in outgrowth culture and as shown in
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this study, prolonged treatment is reversible and non-toxic to giant cells but

ICM cells do not survive. This suggests that within the ICM lineage which

continues to differentiate, ongoing DNA synthesis seems to be required. This

sensitivity is still apparent until approximately day

8

in development.

Treatment on day 7.5 seems to prevent further growth and attachment to the
substrate. Treatment of EM tissue 24h later is reversible and compatible with

further limited differentiation and organogenesis. These results may suggest
that within the mouse embryo there are various critical time periods when an

continued DNA synthesis is required in differentiating tissues.
The results of the present study suggest that DNA polymerase a is

responsible for the majority of DNA synthetic activity associated with

endoreduplicative DNA synthesis.

No evidence for complete non-alpha polymerase

activity in endoreduplication in primary or secondary trophoblast giant cells
was obtained.

The possibility that a small non-alpha DNA polymerase activity

was present and contributed to endoreduplicative DNA synthesis in these tissues

can not be completely ruled out.

Clearly the use of non-alpha DNA polymerases

in endoreduplicative DNA synthesis does not represent a general feature of

endoreduplication.

It may be that endoreduplication in mature secondary

trophoblast derived from the 13.5da rat conceptus does require an increased

proportion of DNA polymerase
diploid cells.

3

as compared to that found in normally functioning

To suggest that DNA polymerase

g is

involved in replicative DNA

synthesis, especially at the high levels reported by Siegel and Kalf (1982)

would attribute a very unusual replicative function to DNA polymerase

8

which is

normally involved in both long and short 'gap' repair type synthesis. This high
polymerase

g

activity in trophoblast giant cells may suggest that at some point

after diploid to giant cell transformation, endoreduplicative DNA synthesis may
involve DNA repair type synthesis.
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SUMMARY

1.

Aphidicolin Inhibition of DNA synthesis in primary and secondary trophoblast
giant cells suggests that DNA polymerase

a is the primary relicase enzyme

responsible for endoreduplication in these tissues.

2.

Although aphidicolin treatment inhibits DNA synthesis, some giant cells
retain some residual activity, however, at a reduced level compared to
controls.

3.

Although the population of secondary giant cells is actively increasing over
time in culture, no 'switch'

in the sensitivity to aphidicolin treatment was

noted ie. there is no apparent change in the major polymerase responsible for

DNA synthesis as the diploid EPC undergoes transformation to secondary giant
cells.

4. Observations of differentiation and organogenesis in the EM tissue after

aphidicolin treatment suggest that ongoing DNA synthesis is not an absolute
requirement for the maintenance of actively beating bundles of cardiac muscle
tissue.

5.

In situ DNA polymerase assays suggested that the EPC contained a greater

proportion of either DNA polymerase
control.

3

or y

than the comparable EM diploid

However, DNA polymerase a seems to be the major replication enzyme in

this tissue.
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Appendix

I

Reagents and solutions
Stock solutions g/100 ml

PBl

NaCl

ml/lOOml

148.

For staining solution

:

1

ml giemsa stock solution

2

ml buffer solution

47 ml distilled water

Filter and stain for 40 minutes.

Trypsin

/

Pancreatin
50 mg Trypsin (Sigma )
250 mg Pancreatin (Sigma, porcine pancreas)

2+
2+
Make solution up in 10 ml of Ca
Mg -free Tyrodes Add 5 drops / 10 ml of
290 mM Tris solution (pH 7.6-7.7) Filter through a Whatman qualitative filter at
Prior to use, refilter through a millipore 0.45u filter
4oC.
„ 2+ „ 2+

Ca

Mg

-

free Tyrodes

g/100 ml

NaCl

149.

Appendix II

DNA Extraction

-

Solutions

57.

sucrose in TKM buffer (pH. 7.5)

:

sucrose w/v (0.146 M)
7.4 (Make 50 mM Tris to pH.7.4 with 5N HCl)

57o

50 mM Tris HCl pH.
24 mM KCI
5

mM MgCl

207.

sucrose in TKM buffer (0.584 M sucrose)

same as above except

207.

w/V

Pronase Buffer (IX)
50 mM Tris
150 irffl NaCl
100 mM EDTA (disodium salt)

Adjust to pH. 10 with IN NaOH.

P:C:I (phenol : chloroform: isoamyl alcohol) 25:24:1
Phenol was purchased (BDH or BRL) as high grade redistilled
crystals and stored at room temperature under sterile distilled water until use.

RNase (Boehringer Mannheim) was prepared at 10 mg/ml in sterile distilled
water and preboiled and stored in aliquots at - 20 C.

Pronase (Boehringer Mannheim) was prepared at lOmg/ml in sterile distilled
water and preincubated at 37°C for 2 hr prior to storage of aliquots at -20 C.

i

i
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Appendix III

0.87,

-

Agarose Gel Electrophoresis

Agarose (BRL) in TEB buffer

Boiled three times prior to pouring

Working solution

.

:

0.089 M Tris-Borate
0.089 M Boric Acid

Concentrated stock solution (5X)
Per litre

Tris base

54g

Boric acid

27. 5g

0.5M EDTA (pH 8.0)

20 ml
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Appendix IV

Buffer A

-

DNA Polymerase Assay

!

g/100 ml
0.01 M Trls HCl

pH 7.4

0.0121

0.25 M sucrose

8.5

0.1 M KCl

0.746

1

mg/ml BSA (Fraction V)

0.100

Make solution up to 100 ml pH. 7.4 with 5N HCl.

Reaction Buffer:

g/ 100 ml

0.03 M Tris

0.363

0.005 M MgCl 24:6H20

0.102

0.002 M DTT

0.031

0.02M KCl

0.149

1

0.100

mg/ml BSA

Make up in DEPC water to pH. 8.4
filter to sterilize.

.

Filter throughout 0.45 u Millipore
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Appendix V

TABLE

Days Exp 1 ant

T-TEST FOR PARTED RESULTS FROM ANOVA TEST TABLE 11
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APPENDIX VI

Area of Outgrowths

-

Statistical Analysis (T-test)

DAYS EXPLANT

t(df)

EX

2

EPC

0.910(A)

3

4
5

6

* denotes a significant difference (p<0.05),
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FIGURE:

A

FIVE POINT LABELLING SCALE
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APPENDIX VII

do

