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GENE INJECTION IN THE BOVINE: EFFECT OF TIME OF
MICROINJECTION AND NUCLEAR TRANSFER TECHNOLOGIES
by
Rebecca L. Krisher

Dairy Science Department

Virginia Polytechnic Institute and State University
ABSTRACT

Four experiments were conducted to investigate methods of
producing transgenic bovine embryos entirely in vitro. Experiment 1
examined the effect of DNA microinjection at 11, 15 and 19 h after
fertilization (haf) on survival rate and DNA detection frequency by
polymerase chain reaction (PCR). There was no difference in
transgene detection frequency between treatments (53% at 11; 50%
at 15; 48% at 19 haf). Of all injected embryos developing to the
morula or blastocyst stage after 7 d in culture, 89% tested positive
for the presence of the transgene by PCR. Greater developmental
efficiencies can be obtained when injection is performed early in
pronuclear formation (7% (11/161) at 11; 4% (6/159) at 15; 1%
(1/165) at 19 haf; p<0.05). Experiment 2 examined the effect of
microinjection of DNA into the germinal vesicle (gv) of bovine
oocytes on subsequent development and detection of the transgene.
Injection of the transgene into the gv reduced developmental rates
compared to controls (control=23% (89/384); non-injected=9%
(23/250); GV injected=5% (12/259); p<0.05). Transgene detection

frequency was 64% (37/58). Injection of bovine oocytes before



fertilization results in viable embryos containing the transgene,
although at low frequencies. Experiment 3 was designed to examine
whether the frequency of microinjected DNA detection by PCR in
whole bovine embryos would decline over a 21 d culture period. At
d O, the transgene was detected in 100% (46/46) of embryos
analyzed. At d 7, detection frequency was 84% (51/62) in viable
embryos, at d 14 49% (18/37), and at d 21 38% (3/8). DNA detection
frequency in microinjected bovine embryos by PCR analysis does not
give a reliable indication of live transgenic birth rates until after 14
d in culture. Experiment 4 examined microinjected bovine embryos
for their potential use as donor embryos in nuclear transfer, or
cloning. There was no difference in development between embryos
cloned from microinjected donor embryos and those from control
donor embryos (injected=11% (37/377); control=9% (7/81); p>0.05).
Of the embryos developing from microinjected donors, 32% (12/37)
were PCR positive. Microinjected embryos can be successfully used
in a nuclear transfer program to produce more viable embryos, and
the resulting embryos may be more reliably screened by PCR. The
efficiency of producing viable bovine embryos positive for the
injected gene may be increased by performing microinjection early
in pronuclear formation, and entering the resulting embryos into a

nuclear transfer program.
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CHAPTER 1.
INTRODUCTION

The production of transgenic livestock has the potential for
creating a major impact on the scientific, medical, and agricultural
industries.  Genetic engineering of livestock will undoubtedly assist
scientists in unraveling the mysteries of gene regulation, and the
processes by which genes are able to precisely direct vital functions
such as growth and reproduction, as well as disease. Transgenic
animals may also be utilized as living bioreactors in the production
of a large and inexpensive supply of pharmaceutical proteins
important in treating human disease. Agricultural applications
include the production of animals with improved feed efficiency,
disease resistance, more desirable carcass characteristics, and milk

with superior qualities for production of dairy products.

Before these goals can be realized, however, many limitations
remain to be overcome. Microinjection, which continues to be the
method of choice for producing transgenic animals, requires a large
number of fertilized zygotes, pronuclear visualization, often embryo
culture, and embryo transfer to a recipient animal. These procedures
have proven to be both more difficult and more costly in domestic
than in laboratory animals. A major problem, and source of expense,
is the limited number and difficult recovery of recently fertilized one
cell embryos, even from superovulated donor animals. Once
recovered, centrifugation of zygotes from domestic animals is

required before the pronucleus can be visualized because of the



opacity of the cytoplasm. Obtaining and maintaining donor and
recipient animals is complicated by the cost and availability of
facilities. Yet another difficulty is the low efficiency of current in
vitro culture systems for early embryos of domestic animal species.
Lastly, the long gestation period of most domestic species hampers
progress in the production of any significant number of animals

created from gene injection.

New biotechnologies are creating greater opportunities for
increased production of transgenic animals. In vitro maturation and
in vitro fertilization techniques yield many times more embryos for
microinjection procedures.  Ultrasound-guided follicular aspiration
will allow the continuous collection of oocytes from genetically
superior cows for use in transgenic programs. Intensive research on
the metabolic requirements of domestic animal embryos and in vitro
co-culture systems constitutes significant progress toward inclusion
of in vitro culture systems in transgenic animal production strategies.
In vitro culture to the morula or blastocyst stage creates the
opportunity to test the embryo for both sex and the presence of the
transgene with the polymerase chain reaction technique. Thus, only
embryos that contain the inserted gene and are of the appropriate
sex for the intended purpose of the program are transferred. This
minimizes the need for purchasing, housing, and maintaining
recipient animals. Continuing rapid progress in these areas will
insure the realization of the many promises of transgenic animal

biotechnology.



The objectives of these experiments were to 1) investigate the
effect of DNA microinjection at various times after in vitro
fertilization on DNA detection and survival rates of bovine embryos,
2) determine the effect of microinjection of DNA into the germinal
vesicle of bovine oocytes on subsequent development and detection
of the exogenous DNA, 3) test whether the frequency of DNA
detection by polymerase chain reaction would decline over a 21 d
culture period in whole bovine embryos, and 4) examine the
potential of microinjected bovine embryos for use as donors in the

nuclear transfer procedure.



CHAPTER I11.
LITERATURE REVIEW

The following is a review of published research in the areas of
bovine in vitro maturation, in vitro fertilization and in vitro culture,
ultrasound guided transvaginal oocyte aspiration, gene transfer,
polymerase chain reaction, bovine embryo transfer, and nuclear

transfer, or cloning.

In Vitro Maturation of Bovine Oocytes

In vitro maturation (IVM) of bovine oocytes represents a
method by which the number of one cell embryos for use in
transgenic research may be greatly increased. For many years, early
embryos could be recovered only by surgical laparotomy.  This
procedure results in a limited quantity of embryos of various cell
stages, due to the unpredictable results of superovulation and the
number of cows available to the researcher. Cost of the
superovulatory drugs and surgical procedure, as well as housing
facilities are also limiting factors. In vitro maturation allows the
research scientist to collect many immature oocytes from a very
inexpensive source-abattoir derived ovaries. These oocytes are then
fertilized in vitro, and can be utilize at the desired cell stage. This
section of the review will discuss the progress which has been made

toward the successful maturation of bovine oocytes in vitro.



The oocytes of mammalian species are enclosed within a shell
of granulosa cells specifically known as the cumulus oophorus. The
entire structure is known as the cumulus oocyte complex, or COC.
Cytoplasmic processes extend from the cumulus cells, through the
zona pellucida, and contact the oolemma, the membrane surrounding
the oocyte (Moor et al.,1980). At these contact points gap junctions
exist between the follicle cell and the oocyte (Anderson and
Albertini, 1976). Gap junctions provide the means for passage of
small molecules from one cell to another. Molecules passed from
cumulus cell to oocyte probably play a role in the nutritional support
of the oocyte and regulation of maturation (Moor et al., 1980;

Herlands and Schultz, 1984).

There are several methods by which the COC may be recovered
from the post-slaughter bovine ovary.  Follicular fluid may be
aspirated from antral follicles using a needle and either a syringe or
vacuum pump, or follicles may be dissected from the ovary and
ruptured in a petri dish containing medium (Katska, 1984). Oocytes
may also be recovered by slicing the ovary in a criss-cross pattern
and rinsing with medium. More oocytes per ovary are recovered by
slicing the ovary than aspirating the follicles (Hamano and
Kuwayama, 1993). After the COC's are collected, they are commonly
evaluated and classified before being placed into maturation

medium.

One early classification scheme involved grouping oocytes

according to the presence or absence of cumulus cells. Maturation



rates were better in oocytes with dense cumulus investments (97%)
than in partially nude (90%) or totally nude (53%) oocytes (Shioya et
al., 1988). Oocytes have also been classified by light microscope
inspection. QOocytes were classified into four categories according to
organelle distribution, penetration of the cortex of the oocyte by
cumulus cell process endings, and degree of expansion of cumulus
cells (de Loos et al.,, 1989). In this classification scheme, all oocytes
displayed equal developmental capacity after in vitro maturation
and fertilization excluding those which had clustered organelles, no
cumulus process endings which penetrated the cortex, an expanded
cumulus layer, and an overall irregular and dark appearance of the
total COC (de Loos et al., 1989). The loss of metabolic coupling
between cumulus cells and the oocyte before maturation in this
group of oocytes probably accounts for their reduced developmental
capacity. A more recent study has classified oocytes on a scale from
one to nine based on number of layers and compactness of cumulus
cell investment, homogeneity of the cytoplasm, and size of the oocyte
(Hazeleger and Stubbings, 1992). Results of this study demonstrated
that morphology of immature COC's has a direct effect on their ability

to mature, fertilize, and develop in an in vitro system.

Once oocytes have been placed in culture, nuclear and
cytoplasmic maturation occur spontaneously. During maturation, the
oocytes undergo many changes which will later allow fertilization
and cleavage to take place. Nuclear maturation encompasses the
continuation of meiosis from the dictyate stage of prophase I until

the oocyte re-arrests at metaphase II. Cumulus oocyte complexes



collected in prophase I contain a large germinal vesicle (GV). Once in
culture the nuclear membrane dissolves after about six hours, a
process known as germinal vesicle breakdown (GVBD; Motlik et al.,
1978). After GVBD, the chromosomes progress through condensed
chromatin (CC) at 8 hours post maturation (hpm), metaphase I (MI)
at 10 hpm, anaphase I (AI) at 15 hpm, telophase I (TI) at 16 hpm,
and reach metaphase II (MII) at 18 to 24 hpm (Suss et al., 1988;12).
This sequence of nuclear maturation occurs more rapidly in vitro

than in vivo (King et al., 1986; Suss et al., 1988).

Structural changes in the cytoplasm of maturing bovine oocytes
have been well studied. Kruip et al. (1983) classified preovulatory
oocytes into four successive groups. During the GV stage,
mitochondria were located in a peripheral position, with rough
endoplasmic reticulum (RER) and membrane bound vesicles just
exterior to the mitochondria. During GVBD, the RER disappears and
mitochondria form clustered associations with lipid droplets and
smooth endoplasmic reticulum (SER). As the chromosomes move
toward MII mitochondrial clustering continues, along with vesicle
fusion and formation of ribosomes. At MII, the mitochondria
disperse and most organelles move toward the center of the cell.
Hytel et al. (1986) also observed movement of the mitochondria from
peripheral positions to form aggregates with the SER. Transmission
electron microscopy reveals that ER elements are actually formed
from disrupted nuclear envelope remains. In contrast to these
studies, Van Blerkholm (1990) suggests that there are five distinct

cellular phenotypes in GV stage bovine oocytes, and that the cellular



organization of mitochondria, lipid droplets and vesicles remain
unchanged during maturation. The cytoplasmic phenotype at the GV
stage proved to be the most critical element in predicting the ability
of an oocyte to successfully mature, be fertilized, and develop. These
authors suggest that the cytoplasmic organization of the oocyte is
actually pleiomorphic, and that different cytoplasmic organizations

may reflect cellular changes due to atresia .

Resumption and completion of meiosis, along with
cytoplasmic maturation, is critical for fertilization and subsequent
development of the oocyte. Several factors during maturation in
vitro may affect developmental capacity. These include hormonal
environment, protein supplementation, follicle size from which the

oocyte was recovered, temperature, and gas atmosphere.

Hormonal requirements for acquisition of developmental
competence during oocyte maturation have been studied by several
investigators, but no firm conclusions have been reached. Several
studies have shown no positive effect of estradiol (E2), follicle
stimulating hormone (FSH), and/or luteinizing hormone (LH) on
oocyte maturation, fertilization, and development (Fukui et al., 1982;
Leibfried-Rutledge et al., 1986; Sirard et al., 1988; Fukui and Ono,
1989; Sanbuissho and Threlfall, 1990; Olson et al., 1991). These
studies, however, included either fetal calf serum (FCS) or estrus cow
serum (ECS), which often contain varying amounts of gonadotropins
and steroids. Fetal calf serum has been shown to be necessary for

FSH induced cumulus expansion and completion of the first meiotic



division (Suss et al., 1990). Other reports indicate contrary effects of
hormone addition on oocyte maturation and fertilization. Both FSH
and LH increased cumulus expansion of cumulus oocyte complexes,
and addition of either E2 alone, or human chorionic gonadotropin
(hCG), FSH, LH, or FSH and LH in combination with estrogen, is
reported to improve the proportion of oocytes completing maturation
and developing successfully (Fukui et al., 1982; Hensleigh and
Hunter, 1985; Stubbings et al., 1988; Younis et al., 1989; Stubbings et
al., 1990; ,29a). Maturation conditions excluding E2, with FSH, LH, or
FSH and LH are also reported to increase the percentage of oocytes
that fertilize and develop to the blastocyst stage (Brackett et al.,
1989; Saeki et al., 1990; Zuelke and Brackett, 1990; Rose and
Bavister, 1992). The increased viability of oocytes matured with LH
or FSH and LLH has been confirmed using serum free, defined culture
conditions (Brantmeier et al., 1987; Wise, 1987). Oocytes matured
with LH exhibit increased glutamine metabolism, possibly enhancing
oocyte quality (Zuelke and Brackett, 1993). These experiments show
that bovine oocytes can develop successfully in serum free
conditions, and provides the opportunity for further isolation of
important factors during maturation which influence developmental

capacity.

Because the majority of oocytes harvested from ovaries
obtained at the abattoir are derived from follicles less than 6 mm in
diameter (Personal communication, F. Barnes), it is important to
know if large and small follicles react in the same manner when

confronted with an in vitro maturation system and if different



factors are required to recruit a maximum number of competent
oocytes from each population. Early studies reported that follicle size
did not influence the ability of bovine oocytes to undergo meiotic
maturation (Bae and Foote, 1975; Moor and Trounson, 1977; King et
al., 1986), even though oocyte characteristics and follicular fluid
components differ between follicle sizes (Edwards, 1965; Bae and
Foote, 1975; Tsuji et al, 1985; Van Blerkom et al.,, 1990). In other
species, it has been reported that oocytes recovered from large
follicles completed meiosis and developed to the morula and
blastocyst stage with greater efficiency than small follicle derived
oocytes (Leibfried and First, 1979; Lenz et al., 1983; Katska and
Smorag, 1985). Oocytes from small follicles may not yet have
attained meiotic competence, and therefore are unable to respond to
hormonal stimuli in an in vitro maturation system. As the follicle
grows, oocytes attain the abilities to undergo maturation,
fertilization, and development. Development of meiotic competence
and completion of oocyte growth occur at various follicular stages
among species. In the bovine, oocytes from 2-3 mm follicles are able
to complete meiotic maturation even though the oocyte is not fully
grown at this time. Recent studies have shown that bovine oocytes
obtained from follicles greater than 6 mm in diameter produced a
higher proportion of morula and blastocyst stage embryos than
oocytes from 2 to 6 mm follicles (Lonergan, 1992). Embryos from
medium and large follicles also exhibit similar nuclear function to in
vivo derived embryos, while small follicle embryos do not (Pavlok, et
al., 1993). This suggests that follicle size has a direct effect on oocyte

viability.
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Gas composition and temperature during in vitro maturation of
bovine oocytes are two other critical factors. Although no study has
been done strictly examining gas composition, medium for bovine
oocyte maturation has been buffered with bicarbonate against 5%
CO2 in air from the inception of this technique (Edwards, 1965).
Oocytes can mature in pH's ranging from 6.70 to 7.59, but a pH of 7.0
to 7.3 resulted in the highest maturation rates (Shea et al., 1976).
The optimum temperature for bovine oocyte maturation was
examined by Katska and Smorag (1985). They concluded that more
oocytes reached metaphase II at 370C to 399C than at 330C or 35°C.
However, on the basis of a fluorescein diacetate viability test, oocytes
matured at 350C were more viable than those at 390C. This test was
brought into question for its value in determining the viability of
bovine oocytes, as it had never been used for this purpose before.
Another study demonstrated that oocytes matured at 390C had the
highest fertilization rates, suggesting that there is no problem with
the quality of the ooéyte cytoplasm at this temperature (Lenz et al.,
1983a). At the present time, the majority of investigators mature

bovine oocytes at 390C, although 379C is sometimes used as well.

It became clear in early attempts to mature bovine oocytes in
vitro that a cumulus investment was critical for success (Leibfried
and First, 1979), as discussed earlier in this review. When oocytes
are recovered from ovaries, however, many are partially or totally
nude. The challenge then becomes maturing these oocytes with a

high degree of success rather than discarding them, thus increasing

11



the oocyte pool. Addition of granulosa cells during maturation of
COC's improved development after fertilization (Critser et al., 1986;
Fassi-Fihri et al, 1991). Cumulus cells around the oocyte during
fertilization also play an important role in further development

(Fukui, 1990).

Recent attempts to mature denuded oocytes with different
concentrations of granulosa cells have met with limited success
(Mochizuki et al., 1991). Fertilization rates were significantly lower,
possibly due to hardening of the zona pellucida and incomplete
cytoplasmic maturation caused by a lack of cumulus cell contacts.
Susko-Parrish et al. (1992) alternatively suggest that reduced
viability of denuded oocytes may be caused by the deletion of
necessary metabolites which may normally be mediated by cumulus
cells.  Supporting this hypothesis, they found that pyruvate and
glucose are necessary for meiotic maturation in denuded but not in

cumulus intact oocytes.

In the bovine, RNA and protein synthesis by immature oocytes
are thought to be required for the acquisition of meiotic competence.
Oocytes from follicles less than 3 mm in diameter actively transcribe
RNA, but as the follicle grows in size the nucleoli begin to compact
and transcriptional activity decreases (Crozet et al.,, 1986). This RNA
may be stored for use during maturation, fertilization, and early
embryonic development. As the oocyte approaches GVBD, low levels
of RNA continue to be synthesized. These new transcripts, produced

as the oocyte resumes meiosis, are essential for further meiotic

12



progression (Hunter and Moor, 1987; Motlik, 1989; Kastrop et al.,
1991).  Protein synthesis is also required for bovine oocytes to
resume meiosis (Hunter and Moor, 1987; Motlik, 1989; Kastrop et al.,
1991). More specifically, protein synthesis is required at four
distinct stages during oocyte maturation; to undergo GVBD, to
progress into and out of MI, and to maintain the oocyte in MII until
fertilization occurs (Sirard et al., 1989). It is unclear, however,
whether synthesis of these regulator proteins is dependent upon
transcription immediately prior to GVBD. After GVBD, protein
synthesis patterns change in both in vivo and in vitro matured
oocytes (Kastrop et al., 1988), and synthesis of new proteins declines

gradually until the 8-cell stage (Frei et al., 1989).

In addition to protein synthesis, post-translational modification
of pre-existing proteins also may play an important role in the
regulation of meiosis. Extensive phosphorylation of some proteins
has been observed in the bovine from 3 hr after the onset of
maturation, before GVBD (Kastrop et al., 1990). These specific
phosphoproteins may be essential for GVBD, specifically for the
activation of the putative maturation promoting factor (MPF), or as
MPF substrates (Kastrop et al., 1990; Kastrop et al., 1991a). Recent
studies have shown that these phosphoproteins and/or the proteins
involved in their phosphorylation are synthesized during the first 2
hr of in vitro maturation (Kastrop et al., 1991b). A puromycin analog
that inhibits phosphorylation, 6-dimethylaminopurine (DMAP),
inhibits GVBD and decreases the level of MPF activity (Fulka et al.,

1991). These experiments give further credence to the hypothesis

13



that these proteins are associated with MPF. Cyclin, one of the
subunits of MPF, must be newly synthesized and phosphorylated for
MPF to become active (Murray and Kirschner,1989). Additional
evidence presented for MPF involvement in bovine oocyte
maturation is that two of the newly phosphoryated proteins have
apparent molecular sizes similar to two known cyclins (Kastrop et al.,

1991).

Another hypothesis for the induction of bovine oocyte
maturation involves varying levels of cyclic adenosine
monophosphate (cAMP). Cyclic adenosine monophosphate, produced
by the granulosa cells, is maintained at constant levels inside the
oocyte via gap junctions. A sudden change in cAMP content within
the oocyte regulates resumption of meiosis (Sanbuissho et al., 1992;
Sirard et al., 1992). This sudden shift in cAMP levels may involve
both cumulus and granulosa cells, and is thought to occur as a
consequence of the LH surge (Sirard et al., 1992). Experiments
showing that bovine oocytes remain in an arrested state only when
the COC's were not detached from the follicle wall provide supporting
evidence for this scenario (de Loos et al., 1992). Co-culture of
cumulus-enclosed oocytes with follicular hemi-sections including
both theca and granulosa cells is able to maintain meiotic arrest
(Sirard and Coenen, 1993). Also, when granulosa cells are added to
oocyte cultures, maturation is inhibited (Sirard and Bilodeau, 1990b).
The phosphodiesterase inhibitor isobutylmethylxanthine (IBMX),
which stimulates ¢cAMP accumulation, also inhibits maturation but

only in the presence of granulosa cells (Sirard and Bilodeau, 1990a).
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Other agents which stimulate cAMP accumulation in cells, such as
sodium fluoride and forskolin, also reduce the number of oocytes
reaching MII (Sirard, 1990). Conflicting evidence indicates that
removal of cumulus cells altogether does not prevent the inhibitory
effect of dibutyryl-cAMP (db-cAMP; Sirard and First, 1988). In
vitro, db-cAMP does not affect protein synthesis patterns in
immature bovine oocytes, even though resumption of meiosis is
inhibited (Bevers et al., 1992). Adenylate cyclase also inhibits
maturation by elevating cAMP levels, although cAMP does not exert
its effect through protein kinase (Sirard, 1989; Aktas et al., 1990;
Aktas et al., 1992).

These two scenarios for the induction of maturation are not
necessarily mutually exclusive.  Cyclic adenosine monophosphate
could target kinases or phosphatases which regulate key control
proteins, such as MPF. The specifics of meiotic regulation in the

bovine oocyte remain, for now, unclear.

Ultrasound Follicular Aspiration

A nonsurgical technique has recently been developed for the
collection of oocytes from cows. Transvaginal ultrasound assisted
follicle aspiration offers the opportunity for the repeated collection of
large numbers of oocytes from genetically valuable cows. Because
superovulation is not used with this technique, a higher quality
oocyte and embryo may be produced resulting in a higher number of

pregnancies per donor cow (Pieterse et al., 1988).
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In this method, ovaries are palpated, and then brought in
proximity to the vaginal wall. An ultrasound probe, inserted into the
vagina, scans the surface of the ovary through the vaginal wall for
the presence of antral follicles. A needle, attached to the probe, is
inserted into the follicle and the follicular fluid aspirated by vacuum
pressure. In the first reported study of this technique, 54 oocytes
were recovered from 197 follicles, a recovery rate of 27% (Pieterse et
al., 1988). This pioneering study also identified several factors that
influence recovery rate, such as restraint of the animal, method of
ovarian manipulation, follicular size, fixation of the oocyte in cumulus
cells, vacuum pressure, tubing system, and needle size, sharpness
and bevel. Subsequent studies showed an improvement in recovery
rates to 50%, and demonstrated that repeated aspirations do not
disturb normal cyclicity (Pieterse et al., 1991a; Pieterse et al., 1992).
Recovery rates are decreased if superovulation is used, even though

more large follicles are present (Pieterse et al., 1992).

Oocytes collected in this manner have been shown to be
capable of successfully completing in vitro maturation and
fertilization, and develop to the morula and blastocyst stages after
culture in vitro (van der Schans et al.,, 1992). Aspirated oocytes may
actually be more successful in an IVM/IVF system than
slaughterhouse derived oocytes (Kruip , et al., 1990). Oocyte
retrieval using ultrasound aspiration may become an alternative for
the multiple superovulation and embryo transfer programs now in

use (Kruip, et al.,, 1991; Pieterse, et al., 1991b). Currently, studies
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suggest an average of 16 oocytes can be collected per cow, and each
cow can be used for collection twice per week (van der Schans et al.,
1992). At this rate, many embryos would be available for transfer to

recipients from one donor cow.

In Vitro Fertilization

After oocytes are collected and matured, they must be
fertilized before any further developmental processes can occur. In
vitro fertilization of in vitro matured oocytes has many inherent
advantages, some of which include overcoming some types of
infertility, production of many genetically related offspring
simultaneously, extension of semen reserves of valuable males,
better assessment of male performance, and production of

synchronously developing pronuclear stage ova (Brackett, 1983).

For successful fertilization in vitro, sperm must be acrosome
reacted and capacitated to penetrate and activate the oocyte. This
section of the review will discuss methods to acrosome react and
capacitate sperm in vitro, and discuss the evolution of widely used

protocols acceptable for bovine in vitro fertilization.

It is well known that mammalian sperm must undergo a period
of incubation inside the female reproductive tract before they
become capable of fertilizing an oocyte. This process is known as
capacitation, and involves the removal of materials from the surface

of the spermatozoa by an undefined enzymatic reaction (White et al.,
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1992). Because this process remains relatively undefined,
particularly in the bovine, a technique to capacitate bull sperm in

vitro has taken years to develop.

Early attempts to capacitate bull sperm in vitro for use with in
vitro fertilization involved incubating ejaculated semen in isolated
female reproductive tracts. After incubation for 3 to 4 hr in isolated
estrus cow tracts or 12 to 14 hr in vivo in ligated rabbit doe tracts,
about 20% of the oocytes inseminated with incubated semen were
successfully fertilized, showing that capacitation had been

accomplished (Iritani and Niwa, 1977).

Modification of sperm completely in vitro became the next
challenge. Byrd (1981) found that a minimum incubation time of 2
to 3 hr in chemically defined medium containing bovine serum
albumin (BSA) could capacitate spermatozoa, as determined by a
redistribution of surface lectin binding sites. In vitro penetration of
oocytes is another assay frequently used to evaluate capacitation.
Sirard et al. (1984) found that 14 to 46 % of inseminated oocytes
were fertilized after hyperosmotic treatment of sperm and
incubation with fatty acid free BSA. Differences between bulls, and
between fresh and frozen semen in the ability to capacitate in vitro

were also recognized (Sirard et al., 1984; Wheeler and Seidel, 1986).
The modern era of in vitro capacitation was ushered in when
Parrish (1988) published a report on the ability of heparin to

successfully capacitate bovine sperm in Vvitro. Heparin, a
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