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of zona pellucida glycoproteins (Jones ef al., 1988), suggesting an important function in the deter-
minants of species specificity. Even so, the focus should not remain simply on acrosin, for other
Iytic enzymes may contribute actively to penetration of the zona pellucida.

In-vitro observations

The purpose of this section is to discuss atlempts to obtain not only fertilization in vitre but also
successful embryonic development following transplantation of penetrated eggs. Previous reviews
dealing with the subject in farm animals include those of Baker & Polge (1976), Betteridge (1977),
Hunter (1980, 1988), Wright & Bondioli (1981}, Brackett & Bousquet (1984) and First & Parrish
(1987). .

Unpublished work

As an introduction to experiments specifically on pigs, reference will be made to the author’s
unpublished studies of 1968-1970 whilst working in the laboratory of Professor C. Thibault at
Jouy-en-Josas, France. Although these experiments were unsuccessful, some of the observations
may none the less be instructive.

Approximately 70 separate trials were conducted, each involving a minimum of 8 oocytes, more
commeonly 12-17. The time of ovulation was controlled in donor Large White gilts by an injection
of 500i.u. hCG given in late pro-oestrus. Ovulation occurred 43-44 h after the injection, signifi-
cantly later than observed in comparable animals elsewhere (Hunter, 1972¢). Animals were killed in
the abattoir adjoining the laboratory within 1-2 h of ovulation, and the reproductive tract brought
to the culture room (30°C) in warm, sterile, surgical drapes no later than 3—4 min after stunning. in
most trials, eggs were recovered in cumulus by flushing the oviducts with 5-10 ml medium at 37°C.
Media used for flushing and subsequent culture included TC 199, Tyrode’s solution and Brinster’s
medium, supplemented with bovine serum albumin or fetal calf serum and antibiotics. Osmolality
varied from 290 to 310 mosmols. The pH was adjusted 1o 7-6, and maintained under a gas phase of
5% CO, and 95% air.

Ejaculated and epididymal (upper corpus or cauda) sperm suspensions were lested, and also
spermatozoa recovered (rom the oviduct isthmus 6-8 h after mating at the onset of oestrus.
Ejaculated and epididymal samples were subjected to mild centrifugation procedures for washing
and, on occasions, also to preincubation with or without explants of oviduct ampuilary epithelium
in an attempti to achieve capacitation. Although progressive motility was usually good in the
freshly-prepared and washed samples, hyperactive (whiplash) motility was not observed. More-
over, motility was invariably poor after a 2-3h preincubation period, although sometimes
improved in the presence of preovulatory follicular fluid,

The in-vitro fertilization system used in most experiments consisted ol 0-1 ml microdrops under
equilibrated oil in Falcon plastic Petri dishes. However, rotating glass tubes containing the culture
medium were also tried (Dauzier ef af., 1954) and, as a third method, a semi-in-vilro system was
prepared. This consisted of the whole oviduct dissected free from its ligaments, and suspended
vertically by the fimbria in oxygenated medium in a glass tube. Rhythmic contractile activity
continued for several hours. The preparation was made immediately after slaughter within 1 h of
ovulation, and the eggs were left undisturbed. Sperm suspensions were introduced into the caudal
isthmus.

All eggs in these experiments were subsequently fixed, stained, and sectioned histologically at
$-10 um. Although one or more nuclei were noted from time to time, there was never evidence of
sperm penetration into or through the zona pellucida. However, there was a strong impression
[rom the large numbers of spermatozoa still associated with the surface of the zona, after rinsing
and fixing, that some form of attachment had begun. The principal conclusion in these studies was
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that inadequate sperm motility underlay the failure to obtain fertilization. A means of maintaining
andfor stimulating excellent progressive motility in culture was not discovered. Irreversible
damage of the gametes was not evident, for transplantation of the microdrop contents (eggs and
spermatozoa) into the oviducts of oestrous recipients after 5-6 h of culture permitied fertilization
and cleavage to the 2- or 4-celled stage.

Further lack of success

Baker & Polge (1976) also recorded unsuccessful attempts at in-vitro fertilization of pig eggs.
Using 280 in-vivo matured cocytes with expanded cumulus obtained 1-3 h before ovulation, and
267 oocyles obtained from the oviducts 1-4 h after ovulation, they noted large numbers of
spermatozoa attached to the zona pellucida but none had penetrated through to the vitelius. Sperm
suspensions had been prepared from the sperm-rich fraction of the ejaculate, from surgically-
recovered epididymal secretions or from different portions of the reproductive tract of oestrous
gilts. Various culture media were examined, with or without the addition of follicular or oviduct
fluid. Transplantation of droplets containing the mixture of gametes into the oviducts of oestrous
animals after 4 h of incubation in vitro yielded only 33% of penctrated eggs. Furthermore, the
recovered eggs showed conspicuous degeneration of the cytoplasm (Baker & Polge, 1976), an
observation of some retevance to the outcome of subsequent transplant studies (see below).

Sperm penetration of eggs in vitro

Apart from isolated instances of in-vitro fertilization of pig eggs (e.g. Harms & Smidt, 1970),
significant progress in producing a workable system for generating viable embryos was not
reported until the studies of Cheng (1985) and Cheng et al. (1986). However, two preceding studies
deserve comment. In a quite extensive series, Iritani (1978) recorded low proportions of penetrated
oocytes {3-26%) after in-vitro maturation of primary oocytes aspirated from Graafian follicles of
2-3 mm diameter. In an attempt to achieve capacitation, ejaculated or cauda epididymal spermato-
zoa had been preincubated in a post-mortem preparation of oviduct and uterine tissue. Develop-
ment of the penetrated cocytes was not tested. Nagai er al. (1984) also used cultured follicular
oocytes and reacted these with washed, preincubated samples of epididymal or ejaculated sperm-
atozoa. Low concentrations of epididymal spermatozoa during preincubation gave a low incidence
of penetration (11%) whereas a high preincubation concentration gave a high incidence of
penetration (71-75%) but arrested development of penetrated eggs due to polyspermy. No
fertilization was obtained with ejaculated spermatozoa (Table 3).

Zona-free preparations of pig eggs will not be discussed in this review. Although they have
proved valuable for studying sperm-egg interactions (Pavlok, 1981), there is no evidence that they
could yield viable embryos.

Details of the methodology used in these earlier trials, and in more recent experiments, are
summarized in Table 3. As will be noted, most groups did not test the viability of eggs fertilized in
vitro by subsequent transplantation studies. In fact, by the end of 1988, only 3 groups had reported
production of live piglets after procedures of in-vitro fertilization. Litter size was small on each
occasion.

The system reported by Cheng (1985) and Cheng er al. (1986) contained important new
features: (i) freshly-cjaculated spermatozoa were preincubated for 4 h at 37°C at pH 7-8 in medium
TC 199 supplemented with fetal calf serum, sodium pyruvate and calcium lactate; (ii) the pre-
incubated spermatozoa were then cultured with ovulated oocytes at 39°C for 6-8 h with 4-7 mm-
calcium, leading to 89% of penetrated eggs. Although it is not clear how they were identified (i.e.
selected), monospermic eggs cultured in modified BMOC-2 medium (modified Brinster’s) for 40 h
vielded 86% of 2-4-cell embryos. Transfer of 206 embryos at the 2-4-cell stage to 13 recipient



Fertilization in vivo and in vitro 221

gilts gave 6 pregnancies and 19 piglets born. Whilst these results have provided encouragement, it
remains important Lo question why the overall yield of viable fetuses (11%) was not higher.

Why such poor viability of in-vitro fertilized embryos?

The answer to this question presumably lies in a divergence from physiological conditions
during the procedures of gamete recovery and preparation in vitro, and likewise during the steps of
actual in-vitro fertilization and culture of the newly-formed zygotes. The paragraphs that follow
involve speculation. If the shortcomings in the in-vitro system were clearly understood, then these
could be modified and a significant improvement in results might be obtained.

Until recently, actually obtaining fertilization in vitro of pig eggs was the major problem, with
the inference that, in the absence of polyspermy or digyny, the zygote was potentially viable. This
view cannot be justified. There is ample evidence that damage to the gametes may not impede a
successful union, yet the zygote may fail to develop normally and show derangements at an early
stage. As an example, X-irradiation of gjaculated rabbit spermatozoa (20000 r) did not prevent
them from competing successfully with non-irradiated spermatozoa from the same buck afler
insemination of the mixed sperm suspension. However, eggs fertilized by the irradiated spermato-
zoa showed a delayed first cleavage, and further embryonic development failed (Bedford & Hunter,
1968). Whether this kind of failure usually corresponds closely with the onset of expression of the
embryonic genome is yel to be resolved. More recent studies in rats also underline the influence of
lesions in the gametes on early embryonic failure (Setchell et al., 1988).

For in-vitro fertilization of pig eggs, the question must therefore be asked whether pre-
incubation of spermatozoa at elevated temperatures and/or in a hyperosmotic medium leads to
subtle but irreversible damage to the nucleus which may not prevent fertilization but which acts to
compromise normal development. The same question must be asked of any pretreatment of
oocytes, and likewise of the in-vitro fertilization system itself. For example, exposure of the gametes
to incubation temperatures of 39°C may be more traumatic than hitherto realized and, in the case
of the oocyte, perhaps damaging not only to the nucleus but also to the cytoplasmic organelles.
Cheng et al. (1986) emphasized that the relatively high level of calcium (4-7 mM) was essential for
inducing capacitation of boar spermatozoa in vitre and likewise for successful fertilization. None
the less, the delayed cleavage reported for in-vitro generated pig embryos by Yoshida (1987) might
be an expression of nuclear andfor cytoplasmic damage. The delay is certainly significant when
compared with the in-vivo situation, in which the first cleavage is found 14-16 h after sperm
penetration and the second cleavage occurs approximately 6-8 h later (C. Polge & M. C. Chang,
unpublished; Hunter, 1974),

Quite apart from the preceding suggestions, other sources of potential damage could reside in
laboratory methods used to date (Table 3). After collecting ovaries at the abattoir, subjecting them
Lo temperature variations and anoxia en route to the laboratory, in due course extracting oocytes
from follicles far smaller than the preovulatory diameter, and culturing them for various times in
microdrop systems overburdened with cells, the lact that viable embryos cannot be generated at an
incidence comparable with the in-vivo situation is not surprising. And what actually happens in the
culture system? The notion that such systems are chemically defined is an illusion. The number of
spermatozoa added is quite unphysiological, large numbers of cells will die, degradation products
will be released into the medium, and its chemical composition will change significantly. And what
is the gas tension at the base of a microdroplet under oil in a plastic Petri dish? /n vivo, the system
within the oviducts is sensitive and dynamic with micro-currents, ciliary and muscular movements,
and a constant adjustment of the medium. The epithelium and underlying vascular supply cannot
be taken for granted, nor perhaps macromolecular secretions that interact with the surface of
gametes and embryos.

So what is the way forward? A logical, if painstaking, means of testing these ideas would be to
subject gametes to the in-vitro fertilization procedures favoured in recent studies, and then to
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examine viability by transplanting the mixture of gametes to the oviducts close to the time of
ovulation. If normal fertilization and embryonic development were not obtained, then a rigorous
and stepwise analysis would have to be made of the in-vitro system. Of course, the ultimate refer-
ence point for what is and is not acceptable in vitro in terms of temperature, osmolarity, pH and
actual composition of a culture medium would be the conditions within an oviduct shortly after
ovulation. Unfortunately, not only are most of the relevant measurements not available for pigs,
but the techniques for making them might lead to artefacts. None the less, in-vivo measurements of
the above values using the best technology would be an advance, and would provide information of
great relevance to successful in-vitro fertilization and embryonic development in culture. This
Centre (the CRRA) is currently engaged on such a programme of research. The alternative
approach of inspired modifications to techniques used in laboratory rodents might yield reasonable
levels of success from time to time, but it is unlikely to be widely repeatable and therefore
satisfactory in the long term.

Despite this point of view, an interim approach that might yield better results than those
reported so far would be to work in vitro with oocytes in cumulus together with their bathing fluid
aspirated from the site of fertilization shortly after ovulation (see above). The cell suspension would
be set up as a microdrop preparation. Vigorous ¢jaculated or epididymal spermatozoa could be
selected by means of washing and subseguent swim-up techniques. To reduce the risk of poly-
spermy, small numbers of highly motile spermatozoa would be introduced into the microdrops.
After 4-5 h of initial interaction, the gamete or zygole preparation would be transplanted to {resh
microdrops of post-ovulatory fluid obtained from the oviduct lumen at the ampullary—isthmic
junction, together with explants of epithelium from the same region of the oviduct. The emphasis
would therefore be on the microenvironment that is thought to play a vital role during fertilization
in vivo.

I thank Sylvie Lagacé and Frances Anderson for typing the manuscript; friends at the AFRC

Institute of Animal Physiology and Genetics Research for copies of reprints; and the University ol
Edinburgh for the use of library lacilities.
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