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CHAPTER I
INTRODUCTION

Development of the mammalian conceptus can be divided into three stages:
the zygote, the embryo and the fetus. During pig embryogenesis, the zygotic
period begins with fertilization and ends 10 days later, at which time the
germ layers and fetal membranes are formed. The embryonic period then fol-
lows, extending to one month after fertilization, and is succeeded by the
fetal period which terminates at parturition, an average of 114 days after
mating. In practice, the term embryo is often used to describe the comnceptus
from the time of fertilization to the fetal period and even beyond. The
zygotic period can be further subdivided into cleavage and blastocyst stages
(figure 1). Cleavage of the fertilized egg occurs over the first 6 days of
development, producing a round, compacted aggregate of 8 to 16 cells at 5
days (Hunter, 1974). This morula is enclosed within the zona pellucida. As
the cells continue to divide, a central fluid-filled cavity is formed pro-
ducing a blastocyst at 6 to 7 days (Heuser and Streeter, 1929). At about 7
days the zona pellucida is shed and the blastocyst continues to grow. At
10 to 12 days of gestation the embryo begins attaching to the endometrium
of the uterus, and by day 18 the elongated embryo has implanted {Amoroso,
1952). At this time the trophoblast has begun differentiating into the
placenta, and the inner cell mass (ICM), visible at 9 days, has initiated
formation of most of the organ systems.

Many investigations involving a large number of animals indicate that
not all embryos in a pregnancy survive to term. Embryonic mortality in pigs
appears to be a general, but yet unexplained phenomenon. At 25 days of

pregnancy between 30 and 40%Z of the potential embryos have been lost (Hanly,
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l-cell (0-2 days)

2~cell (2 days)

4-cell (3 days)

Morula (5 days)

Blastocyst (6 days)

Hatching (7 days)

Hatched blastocyst

(8 days)

Ovoid blastocyst

(9-10 days)

Filamentous blastocyst

(11+ days)

Figure 1. Schematic representation of the stages of pig embryo develop-
ment timed in days from estrus.



1961; Wrathall, 1971). By birth losses have only increased to 45% (Perry,
1954; Hanly, 1961). The rate of mortality is determined by the percentage
of corpora lutea not represented by ova or embryos at a particular stage
of development. Perry and Rowlands (1962) found that , on the average,
only 4.5% of the ova were not fertilized so that a low fertilization rate
could not account for the discrepancy between ovulated eggs and the embryos
recovered. They also observed that 227 of the embryos appeared morphologi-
cally abnormal between 6 and 9 days of gestation, and that the major’
proportion of losses occurred before day 18. It would therefore seem that
the second week of gestation is critical to survival of pig embryes.

In the past two decades several microtechniques have been successfully
used to study the metabolism of mammalian embryos in vitro. Originally
only laboratory animals, such as mice, rabbits and rats were used for such
studies due to the need for large sample volumes, However certain
techniques are now sensitive enough to allow analyses of individual embryos
from larger farm animals where it is often difficult to obtain many ova.

Amino acid uptake, incorporation and even absolute rates of protein
synthesis have been measured in mouse embryos (Brinster, 1971; Epstein and
Smith, 1973; Schultz et al., 1979). Uptake and incorporation of amino acids
have also been quantitated in rabbit (Manes and Daniel, 1969), hamster
(Weitlauf, 1971) and pig embryos (Jones et al., 1976). In addition, ribo-
nucleic acid uptake and incorporation have been measured in mouse (Mintz,
1964c; Monesi and Salfi, 1967), rabbit (Manes, 1969), rat (Austin and Braden,
1953) and hamster embryos (Utakoji, 1969). Absolute rates of RNA synthesis
in embryos was first successfully measured by Clegg and Piké (1977) in mice.

In vitro measurements of embryos are generally used to make inferences

of function Zn vivo. This approach is only warranted if the culture condi-



tions used to measure metabolic parameters mimic the maternal environment.
Great strides have been made in the culture of embryos of some species. Hsu
et al. (1974) were able to culture mouse embryos from the 2-cell to the 10-
gsomite stage in Eagle's minimal essential medium (MEM) supplemented with
serum. Embryos that progressed that far appeared microscopically normal.
Rabbit embryos have been cultured from l-cell to hatched blastocysts in Ham's
F10 medium plus 1.5% bovine serum albumin (BSA) (Kane, 1972). Embryos re-
covered as hatched blastoecysts and cultured in Ham's F10 supplemented with
20 to 25% rabbit serum, or rabbit and fetal calf serum can develop 18 to 20
somites (Daniel, 1970). Cultured embryos not only appear grossly normal but
Van Blerkom and Manes (1974) showed that patterns of protein synthesis were
virtually identical for rabbit embryos grown in vivo or in vitro up to mid-
blastocyst stage (day 4). This gives us more confidence that in vitro
culture of embryos can be used to measure certain metabolic phenomena.

Pig embryos have been successfully cultured from the 4-cell to the
blastocyst stage in a modified Krebs-Ringer bicarbonate medium (mKRB) supple-
mented with BSA (Davis and Day, 1978). Culture of 8 to 10 day blastocysts
for 48 hours was accomplished in the same medium with 107 fetal calf or
sheep serum (Robl, 1979). It should therefore be possible to culture pig
blastocysts for the short periods necessary to measure various metabolic
rates.

In the research reported here the relative rate of RNA synthesis in 8,
9 and 10 day pig blastocysts was estimated by measuring the incorporation
of 3H—uridine into high molecular weight RNA. Rates of transcription can
be sensitive indicators of developmenﬁal activity in amphibian embryos
according to Brachet (1974). He wrote that, "RNA synthesis always runs

parallel with development. If the development stops early, at the blastula



stage, RNA synthesis will be almost negligible; if abnormal embryos develop,
there is a close relationship between deficiencies in morphogenesis and de-

3
' Measurements of "H-uridine incorporation in pig

creased RNA synthesis.’
blastocysts were combined with morphological observations to estimate the
timing and extent of embryonic mortality in the second week of pregnancy in

the pig.
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CHAPTER II

LITERATURE REVIEW

Embryonic Mortality

Swine production enjoys an economic advantage over production of other
domesticated species in reproductive efficiency. Pigs produce litters of 4
to 18 offspring and have a gestation averaging only 114 days. However, the
number of young actually born represents only 50 to 70% of the eggs released
at ovulation (Hanly, 1961). In one of the earliest studies, Cormer (1923)
determined embryonic losses at various stages of gestation. He observed
that 28.2% of the corpora lutea (CL) were not represented by fetuses at
term in one group of sows. Another group of sows, slaughtered between 13
and 21 days of pregnancy had 26.6% unaccounted for ova, and of 9 pregnancies
examined between days 5 and 12, only 53% of the CL were represented by morpho-
logically normal blastocysts. In addition, the oldest group of embryos
contained about 2% abnormal fetuses, the 13 to 21 day embryos included 4.7%
with abnormalities, and the youngest group contained 14.4% abnormal blasto-
cysts, 9.6% unfertilized eggs and 23% of the CL were not accounted for.
Overall, a total of 47% of the ova were either missing, abnormal or unfertil-
ized in the earliest group. Corner explained that this final value (47%)
would be higher than the 30 or 31% loss plus abnormalities in the older
groups since it included whole litters lost from the earliest group.

Perry and Rowlands (1962) determined a 4.57% fertilization failure,
28.4% loss of embryos by days 13 to 18, and 34.8% loss by days 25 to 40.
They also noted 227% morphologically abnormal embryos between days 6 and 9.
Corner (1923) classified abnormal embryos as those that were either opaque

and degenerating or wrinkled and collapsed. Perry and Rowlands (1962) des-



cribed abnormal embryos as being "fragmented, or shrunken and misshapen and
much darker in color than is normal’. Since the latter authors used sper-
matozoa in the zona pelluclda as evidence of fertilization, it is possible
that many of the abnormal "embryos" were in fact fragmenting unfertilized
eggs. However, it is obvious that much of the embryonic loss occurs by com-
pletion of attachment (day 18) and considerable losses are likely early in
the second week of gestation,

Why embryonic losses occur is unknown but has been a subject of much
speculation. Corner {(1923) grouped the possible reasons for embryonic
abnormality and mortality into three categories: defects of "zygosis',
defects of the maternal environment, and defects within the gametes and
zygotes themselves. Category one.losses are the result of fertilization
failure and irregular fertilization. As previously discussed, 4.5 to 9.6%
of the eggs ovulated are not fertilized and an additional 1% are polyspermic
or dygynic (Hancock, 1959; Hunter, 1967).. The second two categories may
then account for 20 to 25%Z of ovum wastage.

There are several ways that the maternal environment (category two)
can be defective. Corner (1923) suggested that mechanical disorders of the
uterus, such as myomatous tumors could contribute to losses. Other possi-
bilities include uteri which are unable to respond adequately to ovarian
and/or embryonic stimuli. Recently more information has become available
concerning endometrial products secreted during early pregnancy. In 1967,
Krishnan and Daniel isolated a uterine specific product from pregnant
rabbits which they called "blastokinin". They suggested that this substance
induced and regulated blastocyst formation. However Kane (1972) demonstrated
that rabbit ova could be cultured in vitro from l-cell to the blastocyst

stage without the influence of any maternal proteins, thereby refuting the



requirement for blastokinin. Blastokinin, or other uterine proteins, may
however be important for blastocyst growth.
There is also some evidence that uterine secretions may be critical to
the survival of pig embryos. Murray et al. (1971) restricted pig ova to
the oviduct and observed that only 4— to 32-cell embryos developed. This
was interpreted as an indication of the need for uterine stimulation. However,
Pope and Day (1972) showed that blastocysts could be formed when ova were
maintained in the ampulla of the oviduct, and 4-cell pig embryos formed
blastocysts in vitro (Pope, 1972). Therefore uterine factors are not required
for blastocyst formation in the pig. However, uterine secretions may have
important roles in further embryonic development and implantation. Quanti-
tative and qualitative changes in the proteins secreted by the uteri of
gilts occur throughout the estrous cycle (Murray et al., 1972). These changes
are temporally related to ovarian hormones during the cycle; during the
luteal phase, at maximal levels of plasma progesterone, the greatest changes
in protein secretion take place. These changes also occur during the rapid
phase of blastocyst growth in pregnant animals (days 12 to 15). Knight et al.
(1973) have shown that progesterone is the hormone primarily responsible for
changes in uterine pfotein profiles. After summarizing a series of experiments
using passive immunization against uterine specific proteins and progesterone/
estrogen treatment of pregnant gilts, Bazer (1975) suggested that the main
role of porcine uterine protein secretions is related to placental development.
Uterine pfotéiﬁs may also serve as carriers of steroid hormones. El-
Banna and Daniel (1972) demonstrated that day 5 rabbit blastocysts developed
best in an in vitro enviromnment containing both blastokinin and progesterone
as opposed to either molecule alone. The authors suggested that progesterone

may mediate metabolic activity when available to blastocysts and that the



role of blastokinin is to make progesterone available to the blastocyst.
Arthur et al. (1972) demonstrated that blastokinin bound both progesterone
and estrogen, and suggested that it could function as a carrier molecule.

The pig endometrium has been shown to secrete a substance which stimu-
lates protein synthesis in day 16 cultured pig trophoblast (Heap et al.,
1979). However, neither estrogen nor progesterone affected the capacity of
the porcine endometrium to synthesize proteins in vitro (Basha et al., 1979).
Protein synthesis in cultured bovine chorion and endometrium was actually
depressed by the addition of progesterone or estradiol-178 (Wathes, 1980).
Wathes suggested that perhaps the inhibition of glucose membrane transport
caused by addition of progesterone in vitro (Flint, 1970) resulted in an
overall reduced rate of metabolism, and therefore protein synthesis. One
needs to be cautious, therefore, when comparing im vitro and in vivo
phenomena.

An in vitro system of stimulated lymphocytes is commonly used to test
potential immune suppressive agents. Murray et al. (1978) have shown that
a certain fraction of uterine proteins suppresses stimulated pig lymphocytes.
The authors suggested that the function of these proteins is to protect im-
planting embryos from immune rejection by the mother. This protein fraction
is synthesized between days 6 and 16 of the estrous cycle (Squire et al.,
1972) and can be found from day 16 on, in pregnant animals (F. A. Murray,
unpublished data cited in Murray et al., 1978).

Another uterine protein that may be important during pig blastocyst
implantation is an inhibitor of plasminogen activator (PA). Mouse blasto~
cysts invade the uterus when they implant, and have been shown to produce
PA (Sherman e¢ al. 1276). Plasminogen activator converts plasminogen into

an active proteolytic enzyme, and may play a key role in cell migration and



10

invasion. Pig blastocysts do not implant by invasion, rather by attachment.
However, they do produce high levels of PA at day 12 when attachment begins
(Mullins et al., 1980). The latter group has also shown that the uterine
flushings contain an inhibitor of PA, causing PA activity to be low during
the luteal phase of the estrous cycle and from days 12 through 18 of preg-
nancy. They have also shown that the PA inhibitor is induced by progesterone
in ovariectomized gilts. Furthermore, early pig blastocysts transplanted to
ectopic sites in the uterus form syncytia which interact with the uterine
tissue (Samuel and Perry, 1972)., This inhibitor may be a necessary product
of the uterus to prevent invasion by pig blastocysts.

There are other uterine secretory products that do not have obvious
potential functions. Murray et al. (1980) found that riboflavin was secreted
by the uterus in greatest quantity between days 6 and 8 in pregnant gilts
and was also high on day 8 of the estrous cycle. Riboflavin secretion could
also be induced in ovariectomized gilts by estrogen and/or progesterone
treatment. The significance of this peak of riboflavin is unknown. However,
it appears at about the time of cavitation and may therefore be involved in
blastocyst formation or development.

Nonspecific infections in the reproductive tract could also have dele-
terious effects on embryvos either directly, or indirectly through stimulation
of lymphocyte infiltration. The latter can result in production of embryo-~
toxic substances (Anderson and Alexander, 1979). Scofield et al. (1974)
found almost twice as many missing or abnormal ova from infected gilt uteri
compared to sterile uteri at 9 and 13 days after mating. Overall, 21.4% of
the ova were lost at 9 days whereas a 32.4% loss was recorded at 13 days,
again emphasizing the vulnerability of embryos during the second week, In a

preliminary study, 8, 9, 10 and 12 day pig embryocs were recovered, morpho-
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logically scored, and the uterine flushings cultured for evidence of infec-
tious organisms (D. L. Davis, 0. I. Dawydiak, C. Y. Lee and D. Y. C. Fung,
unpublished observations). Uteri were classified as having both horns
infected, one horn infected or neither infected (sterile). When both uterine
horns were infected, a higher percentage of unfertilized and abnormal eggs
were obtained than when only one horn was infected. Gilts with one infected
horn had fewer normal embryos than gilts producing sterile cultures from
both horns. The percent unrecovered eggs was alsec higher in the most in-
fected group (25% wversus 4% and 14%, respectively). More data is required
to verify these trends. In addition to local infections, any systemic
infection which raises the mother's temperature above 40.6°C for several

days will also cause embryonic death and abortions (Done, 1968). The ambient
temperature 1s critical during the first 2 weeks of gestation (Waranick et al.,
1965) and exposure to temperatures above SlOC for as little as 24 hours can
reduce embryo survival.

The nutrition of the mother may also affect embryonic survival. Severe
malnutrition can result in anatomical disturbances which prevent normal
implantation and pregnancy (Corner, 1923). Overfeeding can also adversely
affect porcine embryos (Robertson et al., 1951; Bazer et al., 1968) although
the mechanism is not understood.

Ovulation rate must also be considered in its relation te embryonic
mortality. Summarizing work from a number of sources, Wrathall (1971) con-
cluded that by days 25 to 30 of gestation, there is a 1,08% decrease in
embryonic survival for each additional egg shed over 13. Perry (1959) report-
ed a similar value (1.2%) for litters where some embryonic loss had occurred,
and suggested that the death of one embryo affects the survival of others in

the litter.
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Maternal age is also an important variable in reproduction (Warnick
et al., 1949). Sows tend to have twice as many whole litter losses as gilts.
Gilts, on the other hand, tend to have twice as many complete fertilization
failures as sows. The latter is due mainly to bilateral tubal abnormalities,
missing tract segments or cystic follicles. 1In older sows the problem of
prenatal losses may be related to degeneration of the endometrium.

The hormonal conditions to which the uterus and embryos are exposed
may have an effect on embryo survival. Progesterone, combined with serum or
uterine proteins, has been shown to stimulate growth in mouse and rabbit
embryos in vitro (Roblero and Izquierdo, 1976; "El-Banna and Daniel, 1972).
However, Warner and Tollefson (1978) found that neither progesterone nor
progesterone plus estrogen had any effect on RNA synthesis in mouse blasto-
cysts, but translational stimulation was not investigated. Sub-optimal
hormone levels have not been conclusively shown to be responsible for
embryonic mortality in pigs (Wrathall, 1971). 1In some experiments hormone
therapy has reduced the number of animals experiencing very high prenatal
losses, but results have been inconsistent (Day et al., 1963).

After summarizing a number of in vitro implantation studies, Sherman
and Wudl (1976) suggested that it is primarily the uterus, not the blasto-
cyst, that is the target of steroid hormones during implantation. They
pointed out that in ovariectomized animals, or during lactation in some
species, the uterus is not receptive to blastocysts unless sterolds are
administered. It is possible, however, that certain maternal hormones
could be metabolized by the embryos which in turn affect the uterus. Pro-
gesterone can be utilized by pig blastocysts to form other steroids, such
as estrogen (Perry e¢¢ al., 1973) which may be required for further develop-

ment., Embryonic sterpids may also be involved in maternal recognition of
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pregnancy and implantation (Cook and Hunter, 1978). This argument is dis-
cugsed in more detail in the next sectiom.

Defects in the maternal environment consisting of inappropriate temper-
atures, uterine secretions, hormonal levels or a variety of other conditions
are likely to affect all the embryos unless microenvironments exist in the
uterus. Thus uterine defects are probably not the sole cause of mortality.
However these factors may contribute to embryonic death in that different
embryos may have different susceptibilities to fluctuations in uterine products
and hormone levels. These differences may result from the varying genetic
make-up of individual embryos. The interaction between maternal environment
and genotyplc expression of each embryo could then become the major deter-
minant of embryo survival.

The final category proposed by Corner (1923) to affect embryo mortality
involves genetic and non-genetic defects of the gametes and the zygote. In
a cytogenetic analysis of 7 litters of 10 day pig blastocysts, McFeely (1967)
found that 10% of the embryos had gross chromoscmal abnormalities including
trisomies and polyploids. Some of the polyploid embryos probably resulted
from polyspermy. Shaver and Carr (1967) found a similar trend in rabbit
blastocysts.,

Lethal and semi-lethal genes which affect developing embryos may also
be responsible for some of the observed losses. In mice, several such genes
are known to exist in the T-locus of the genome (Mintz, 1964a,b; Bennett,
1975). These deleterious genes are maintained in the population by unequal
sperm transmission. Although similar genes have not been reported for swine,
the critical searches necessary to detect them have not been conducted. If
they do exist, it may be possible to select a genetic line that has very few
or none of these genes, which may be represented by crosses resulting in 95

to 100% survival of embryos to term.
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By testing for certain gene products, it may eventually be possible to
identify defective embryos by the enzymes or carrier proteins they fail to
secrete adequately. Perry et al., (1973) demonstrated that pig blastocysts
were capable of producing estrogens from neutral steroids, progesterone
and conjugated steroids. Estrogen biosynthesis occurs in trophoblastic
tissue by day 12 (Heap et al., 1977), in time for it to possibly be involved
in signaling pregnancy to the uterus (Dhindsa and Dziuk, 1968). This adds
significance to the observation that administering estrogens to intact,
unmated gilts, starting on day 11 of the estrous cycle, results in maintenance
of the corpora lutea (Gardner et al., 1963). It raises the possiblity that
embryonic estrogens act as a signal necessary for CL maintenance. Rabbit
blastocysts are also capable of synthesizing estrogens on days 5 and 6 of
pregnancy (George and Wilson, 1978). Since synthesis decreases after
implantation and anti-estrogens prevent implantation (Dey et al., 1976) it
is possible that embryonic estrogens are necessary for implantation. Another
proposed function of embryonic estrogens is stimulation of uterine blood
flow (Dickson et gl., 1969). Ford and Christenson (1979) suggested that
early pig embryos could unilaterally control uterine blood flow, this effect
possibly being mediated by estrogens. Moeljono et gl. (1977) felt that
uterine secretion of prostaglandin Fla (PGFZu)’ a luteolytic agent, was
decreased by pig blastocysts. Ford and Christenson (1979) reasoned that
the inereased blood flow to the uterus at days 12 and 13 after mating could

be a mechanism for removal of PGF Another possibility is that estrogen

2a

may inhibit the release of PGF into the bloodstream by redirecting its

20
secretion into the uterine lumen (Frank et al., 1977).
Another candidate for hormone regulation is embryonic histamine. His-

tamine has been implicated in implantation in mice (Brandon, 1977) and
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rabbits (Dey et al., 1979a). The latter group has demonstrated that prior
to Implantation, rabbit blastocysts have an increased enzymatic capacity to
synthesize histamine. Both blastocysts and the endometrium have histamine
receptors (Dey et al., 1979b) but the function of histamine during implan-
tation is unknown. It is possible that histamine synthesis by blastocysts
could stimulate phospholipase A2 activity and secondarily increase synthesis
of prostaglandins by the emﬁryo or the endometrium. Prostaglandin synthesis
has been demonstrated by Dey et al., (1980) in day 6 rabbit blastocysts and
endometrium. The suggestion was made that prostaglandins, histamine or
both could affect cyclic nucleotides which may have a role in mouse and

rabbit implantation (Dey et al., 1978). Phospholipase A, activity has also

2
been demonstrated in preimplantation swine blastecysts (D. L. Davis, C. L.
Cox and S. K. Dey, unpublished observations).

Another embryonic product that may be involved in embryo survival is
alpha—fétoprotein. This protein has been shown to suppress immune responses
of mouse and human lymphocytes (Murgita and Tomasi, 1975; Yachnin, 1976).
However, alpha-fetoprotein has only been detected after implantation in
mouse embryos (Dziadek and Adamson, 1978) so it may have no relevance to
early blastocyst development and implantation.

New gene products, as will be discussed later, appear at precise times
during development. Some of these are polypeptides that are probably
involved in cell surface phenomena associated with embryonic development
and embryo-uterine interactions. Stage specific changes in membrane-
associated enzymes (Vorbrodt et gl., 1977) and surface glycoproteins (Pinsker
and Mintz, 1973; Johnson and Calarco, 1980b) have been found in early mouse

embryos. Johnson and Calarco (1980a) suggested six possible roles for the

embryonic cell surface glycoproteins. The first, cell recognition, would



