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(ABSTRACT)

Twenty-three crossbred ewes were utilized during 1995, to investigate the
possibility of xenogenous capacitation, using stallion spermatozoa. Ewes were grouped
according to endocrine status as anestrus (n = 12) or estrus (n = 11) and were surgically
inseminated with either fresh (FR), cooled/extended (FCE) or frozen/thawed (FZ)
spermatozoal samples. The capacitation response of spermatozoa recovered from
oviductal flushing 4 - 6 hours post-insemination, was assessed using a chlortetracycline
(CTC) fluorescent probe.

Data were recorded as percentages of spermatozoa exhibiting CTC staining
patterns characteristic of capacitated (PCAP), unreacted (PUR) and acrosome reacted
(PAR) sperm. Mean PCAP was not significantly different in estrous ewes despite an

increasing trend. Mean PUR and PAR were also not different.



Differences in capacitated, acrosome reacted and unreacted spermatozoa in
inseminated aﬁd recovered samples (CAPDIF, ARDIF and URDIF, respectively) were
analyzed. CAPDIF was significantly different between treatment groups (p < 0.01).
CAPDIF was also significantly greater for the estrus versus anestrus group (p < 0.05).

Total number of spermatozoa recovered (RTOTAL) was recorded. More
spermatozoa were recovered from estrus ewes, however significance was not established.
Mean number of spermatozoa recovered was 37.9 + 35.9 per ewe. Treatment
significantly affected RTOTAL in estrus animals (p = 0.01). FR samples had the highest
recovery.

Results suggest that xenogenous capacitation of stallion semen may occur in the
reproductive tract of the ewe. Implications of these results are discussed in regards to
their application of xenogenous gamete intrafallopian transfer (X-GIFT) as a treatment

option for certain infertility problems in the mare.
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Introduction.

Like the human female, the mare experiences reproductive tract pathology which
can result in infertility. While embryo transfer has been attempted in many of these cases,
a significant number of mares that have either failed to conceive or to successfully
maintain a pregnancy possess ovulatory or uterine abnormalities which preclude successful
embryo transfer techniques. In such cases, assisted reproductive technologies such as
gamete intrafallopian transfer (GIFT) may yield promising results.

The GIFT procedure involves the deposition of gametes (ova and spermatozoa)
from donor animals into the oviducts or uterine tubes of a heterologous recipient animal.
Pending successful sperm capacitation, fertilization, and subsequently embryonic and fetal
growth within the recipient, genetically foreign offspring may be produced. With origins
and increased applications in human reproductive sciences, GIFT is currently making it’s
debut into the area of veterinary medicine.

There have been three reported successes of GIFT in the horse (McKinnon et. al.,
1988; Ray et. al., 1994 ; Carnevale and Ginther, 1993). Carnevale and Ginther reported
pregnancy in obtained 11 of 12 recipient mares. All utilized heterogeneic GIFT
procedures in which both the donor and recipient animals were of the same species. These
studies attest to the clinical application of such a technique. However, on a large scale
would necessitate ready access to non-pregnant recipient mares and a fairly large financial

investment in their maintenance.



The first evidence in domestic animals that GIFT procedures could be successfully
performed was described in sheep (Parrish, 1991). Extensive research exists using this
animal species as a model for GIFT and in vitro fertilization (IVF) technologies, as well as
for laparoscopic procedures. This along with the lower cost of maintenance, ease of
handling, and availability, would make this species an excellent recipient animal for
xenogeneic GIFT (X-GIFT) procedures using equine gametes. Such procedures would
also circumvent the inherent difficulties, increased costs, and extensive instrumentation
associated with IVF procedures.

Successful X-GIFT procedures require that all the necessary components of
gamete interaction and fertilization occur in a completely foreign reproductive tract.
These components include gamete transport, sperm capacitation, and induction of the
acrosome reaction. Success will also depend on the ability of the foreign tract to maintain
gamete viability by supplying adequate nutrients. Assuming the latter, gamete transport
can be facilitated by intrauterine or intratubular deposition of sperm and ova through
laparoscopic or laparotomy techniques. Sperm capacitation and the acrosome reaction are
not as easily overcome.

Neither the ovine reproductive tract nor its related fluids have yet been reported
to facilitate xenogenous capacitation of stallion sperm. Evidence exists in other species
that capacitation can occur in a non-homologous tract (Rao et al., 1984 ; DeMayo et al.,
1980), but efforts to capacitate equine spermatozoa in the reproductive tract of the rabbit

have met with minimal success (McKinnon et al., 1988). With the increased availability of



information concerning capacitation and the improved methods of detection of
capacitation-like changes of the spermatozoal head using specific staining techniques, we
are better able to test the non-specificity of the capacitation process as it applies to equine
spermatozoa.

The hypotheses of this study are therefore: (i) that equine spermatozoa can be
capacitated in the reproductive tract of the ewe, (ii) that fresh semen will show a greater
capacitation response when compared to cooled/extended and frozen/thawed samples and
(ii) that estrus exerts a positive effect on the capacitation process. Proving these
hypotheses will enable us to determine the feasibility of not only xenogenous capacitation,
but also xenogenous fertilization of equine gametes in sheep. This information is essential
to successfully performing X-GIFT procedures using these two species and will serve as
the basis for future experimentation directed towards promoting its clinical application in
equine infertility cases and promoting increased fecundity of individual mares through the

use of oocyte transfer to multiple xenogenous hosts.



Review of Literature

GAMETE INTERACTION:

Spermatozoa and ova represent the male and female gametes, respectively, which
fuse at the time of fertilization to produce a conceptus that subsequently develops into a
viable fetus. Spermatozoa, after production and storage by the germinal epithelium of the
testis and epididymis respectively, are deposited into the reproductive tract of the female
at coitus. Deposition may be either intrauterine, as in the case of the mare, or intravaginal
as seen in cattle, dogs, sheep, rabbit and primates. Sperm transport craniad follows
deposition and results in the sequestration of a pool of sperm cells at the lower isthmus of
the oviduct. Sequestration occurs as a result of adherence to epithelial surfaces as well as
reduced flagellar activity (Overstreet et al., 1980). This sequestration has been
demonstrated in the ewe (Hunter et al. 1982 ; Hunter and Nichol, 1983). A study
utilizing electron microscopy, however, did not demonstrate a similar scenario in the mare
(Boyle et al., 1987). Sperm present in this pool undergo timed release and capacitation in
a non-uniform pattern, due to the heterogenous nature of this sperm population. Timing is
thought to be based on imminent ovulation. Sperm interaction with ova postovulation
result in the acrosome reaction (to be discussed in detail later), penetration of the cumulus
oophorus, and binding to the zona pellucida.

Binding of spermatozoa to the zona pellucida of the egg is followed by penetration

of the zona. Penetration is explained by one of two hypotheses. The first attributes



penetration to purely mechanical propulsion of the spermatozoon’s tail or flagellum. The
second attributes penetration to enzymatic softening by acrosomal hydrolase activity,
initiated subsequent to the acrosome reaction. Regardless of the mechanism, complete
penetration of a single morphologically normal spermatozoon through the zona and across
the perivitelline space enables fusion of the sperm head to the plasma membrane of the

oocyte. Incorporation of its nucleic material ultimately occurs.

THE OOCYTE (OVUM):

The ovum is the female gamete produced by ovarian germ cells. The ovum or
oocyte is contained within fluid filled structures on the ovary called follicles. The latter
undergo cyclical maturation and rupture / ovulation during the estral phase of the female
reproductive cycle in response to hormonal stimuli.

Oocytes are suspended in stage I of meiosis when present in preantral follicles and
complete maturation in vivo in response to peri-ovulatory surges of the pituitary
gonadotropin, luteinizing hormone. At time of ovulation most mammalian ova are in
metaphase II with the noted exception of the bitch. Equine eggs are released as secondary
oocytes at ovulation (Enders et al., 1987). Recently ovulated ova enter the fallopian tubes
via the infundibulum and are transported to the site of fertilization by ciliary motion of the

oviductal epithelium as well as peristaltic muscular activity.



The ovum or oocyte consists of a central nucleus surrounded by cytoplasm,
bounded by a plasma membrane or oolema. A potential space, the perivitelline space,
separates the oolema from the surrounding zona pellucida. This is a thick,
mucoproteinaceous layer which is surrounded by numerous layers of loosely packed
granulosa cells, termed the cumulus oophorus. The layer closest to the zona are more
tightly packed and called the corona radiatum. Capacitated sperm with intact acrosomes
readily penetrate the corona and bind to the zona. The zona contains sperm receptors that

mediate sperm-egg interactions preventing polyspermic fusion of a single oocyte.

THE SPERMATOZOON:

The spermatozoon is the end product of spermatogenesis which is a series of
mitotic and meiotic divisions occurring within the seminiferous tubules of the male testis.
Morphologically the sperm cell is made up of a head and tail joined at the neck or
connecting piece. The head consists mainly of an acrosome, a nucleus, and very small
amounts of cytoplasm. The acrosome contains hydrolase enzymes, thought to be
necessary for penetration of the zona pellucida and granulosa cell investments of the egg.
Fusion of the sperm plasma membrane to the outer acrosomal membrane at the time of the
acrosome reaction facilitates release of these enzymes. The acrosome reaction is
necessary for fertilization and occurs optimally when spermatozoa come in contact with

the zona pellucida of an ovum.



The tail or flagellum is a whiplike structure containing a central axoneme which is
surrounded by dense fibers. It is divided into middle, principal and end pieces. The
middle portion contains mitochondria arranged in a helical fashion around these fibers and
provides energy for sperm motility. The principal and end pieces are surrounded by a

fibrous sheath. The entire spermatozoon is enveloped by a plasma membrane.

SPERM PLASMA MEMBRANE:

Evidence suggests that the plasma membrane of the sperm cell is similar to the
general fluid mosaic model of somatic cells and contains both surface-adsorbed and
membrane-integrated proteins, capable of changing their locations (Eddy and O’Brien,
1994). One unique feature of the sperm plasma membrane is its subdivision into regional
domains that differ in composition and possibly function. These domains are the
acrosomal and postacrosomal regions which are separated by an equatorial segment.
These regions differ in density and size of intramembranous particles such as lipids.
Phospholipids make up the majority of lipids present, followed by steroids such as
cholesterol. More complete reviews on spermatozoal structure and fertilization are

available (Eddy and O’Brien, 1994 ; Anderson, 1991).



CAPACITATION:

The inability of freshly ejaculated mammalian sperm to penetrate the zona pellucida
of the ovum and facilitate fertilization is well documented (Austin, 1951; Chang, 1951,
Davis and Niwa, 1974). Ejaculated spermatozoa from mice (Fraser, 1984), rabbits
(Chang, 1957; Bedford, 1967 ), hamsters (Yanagimachi, 1981), boars (Hunter and Hall,
1974), bulls (Ellington et al, 1993 a.), toms (Hamner et al, 1970) and humans (Lambert et
al, 1985) have all been shown to require a period of residence within either the female
reproductive tract, fluids obtained from the female reproductive tract, or specific
incubation media prior to their interaction and fusion with the homologous female gamete.
During this time period, which appears to be species-dependent, physiological
modifications of the plasma membrane occur. These modifications confer upon
spermatozoa the ability to fertilize ova and are collectively known as the process of
capacitation.

Capacitation was first reported in the rat and rabbit by Chang (1951) and Austin
(1951) after unsuccessful in vitro attempts to fertilize ova with freshly ejaculated or
epididymal spermatozoa. The process, considered reversible (Chang, 1957 ; Weinman and
Williams, 1964), is currently thought to be a necessary requirement of all mammalian
spermatozoa prior to the acrosome reaction and fertilization. Capacitation is thought to
result in biophysical and biochemical changes within the spermatozoon. Changes in
motility, plasma membrane cholesterol / phospholipid ratios, lectin-binding, and calcium

flux have been observed to occur in-vitro.



Capacitation also involves, but may not be limited to, the removal, alteration, or
deactivation of surface molecules associated with the plasma membrane of the
spermatozoa. These molecules are referred to as stabilizer molecules or decapacitation
factors and are glycoprotein in nature. Their existence became apparent after researchers
observed a decreased calcium ion uptake by ejaculated spermatozoa when compared to
calcium uptake by spermatozoa of epididymal origin (Babcock et. al., 1979 and Rufo et.
al., 1984). The glycoprotein coating acted to inhibit calcium uptake and thus indirectly
capacitation and the acrosome reaction. Further evidence of the existence of
decapacitation molecules include the discovery that seminal plasma of rabbits, bulls and
man could render capacitated sperm incapable of fertilizing eggs (Chang, 1957).

It has been well established that intracellular calcium is required for the completion
of the acrosome reaction (Yanagimachi and Usui, 1980). Numerous studies have
observed an increased uptake of calcium by sperm cells undergoing the acrosome reaction.
However it is not clear what role calcium plays in the capacitation process. Research
using bull spermatozoa has led to the isolation of a protein, caltrin, associated with the
plasma membrane. Caltrin is present in the seminal fluid and is known to exist in at least
two forms, inhibitory caltrin and stimulatory caltrin. The inhibitory form is thought to
prevent the uptake of calcium ions by the sperm cell and the stimulatory form is thought to
act in the opposite manner. The stimulatory form also combines with tetracycline to
enhance fluorescence. A plausible hypothesis suggests that during capacitation this

glycoprotein inhibition is removed, thus preparing the spermatozoa to undergo the



acrosome reaction and facilitate fertilization (Lardy and San Agustin, 1989). Though
oversimplified, this hypothesis is compatible with data obtained from in-vitro work.

Research using stallion spermatozoa is limited. No such glycoprotein molecule has
been isolated in equine seminal fluid or associated with the sperm membrane. Interestingly
however, the inhibitory form of caltrin appears to be potentiated by citrate which is
produced in large amounts by the vesicular glands of the stallion. Secretions from these
glands comprise the majority of the post sperm fraction of the equine ejaculate (Mann,
1975).

In attempts to study the capacitation process in equidae, investigators have co-
cultured spermatozoa with oviductal epithelia (Ellington et al., 1993 b.,c.,d.), subjected
spermatozoa to agents such as heparin and calcium ionophore (Varner et al., 1993)
identified as having capacitatory properties, and performed zona penetration tests using
both hamster and equine oocytes (Samper et al., 1989 ; Blue et al., 1990). From these
studies, information concerning (i) the biochemical changes which occur in the sperm head
and acrosome and also (ii) the time required for capacitation have been obtained. Stallion
spermatozoa is thought to require approximately 4 to 6 hrs to undergo capacitation. This
time period was proposed based on in vitro experiments and on conception rates following
insemination of mares with semen at various times before and after ovulation. Mares
experienced greater pregnancy rates when inseminated 6 - 24 hrs before ovulation and O -

6 hrs postovulation (Woods et al, 1990).
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Despite lack of experimental evidence, alterations similar to that occurring in the
glycoprotein coating of the sperm plasma membrane of the bull are thought to occur in the
stallion. In addition to these alterations, the plasma membrane itself also becomes
destabilized through the loss of cholesterol. Despite numerous studies in this area and
involving various species, the precise mechanisms as well as the biological significance of

the capacitation process are still not completely clear.

In vivo studies:

In general terms, capacitation is considered the physiological process occuring in
the female which prepares the spermatozoon for fertilization. Reportedly, it can occur in
any part of the female reproductive tract, however the oviducts are considered to be the
primary sites of capacitation for mammalian spermatozoa destined to fertilize ova
(Voglmayr and Sawyer, 1986). More specifically in the mare, that site is thought to be the
lower segment of the isthmus.

Only a small percentage, approximately 0.001% (Smith et al., 1987), of uterine
spermatozoa ascend into the oviducts. This is mainly due to the highly competent
uterotubular (UT) junction present in those species, like the mare, in which there is
intrauterine deposition of semen. Active progressive motility is necessary for efficient
passage through the UT junction. Spermatozoa are then sequestered in the lower segment

of the isthmus where they are intimately associated with oviductal epithelium. They
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undergo capacitation and release at varying rates which are correlated with individual
sperm physiology. These events progress faster immediately post ovulation.

Capacitation is neither organ-specific nor is it species-specific. Numerous studies
indicate that a homologous tract is not a pre-requisite and that capacitation can occur in a
non-homologous female reproductive tract (Saling and Bedford, 1981). Fertilization of
goat (Rao et al, 1984), squirrel monkey and hamster (DeMayo et al, 1980), and bovine
and porcine (Hirst et al, 1981) ova in rabbit oviducts have been successful. Also
documented are various successful hybrid crosses, such as those between the snowshoe
hare and the domestic rabbit (Chang et al, 1971). In the above cases, fertilized ova
suggested the successful occurrence of capacitation. However, the efficiency of the
capacitation process was reduced when compared to that ocurring in the homologous
tract as evidenced by less number of ova fertilized. The existence of numerous equine,
small ruminant (goat and sheep), and bovine hybrid crosses also support the non-
specificity of the capacitation process.

In-vivo studies of capacitation in the past have been difficult to conduct and
interpret. This is in part due to the lack of obvious morphological or ultrastructural
changes associated with the process and the small number of spermatozoa which can be
retrieved under normal circumstances from the female reproductive tract, in particular the
oviducts. Currently, information has been mainly obtained from studies carried out in-
vitro. Worthy of notation is the fact that observations obtained from in-vitro studies may

or may not be reproducible in-vivo. Caution should therefore be exercised in the
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interpretation of observations made in-vitro and in distinguishing essential from non-

essential components of capacitation.

In vitro studies:

Various biological fluids have been used in the past to induce capacitation of
spermatozoa in vitro. These fluids included oviductal fluid, follicular fluid, and serum, all
of which were so complex in composition that assessment of component(s) directly
involved in the capacitation process was difficult. Toyoda et. al. (1971), were the first to
report in vitro capacitation of mouse spermatozoa in a chemically defined medium.
However, it should be noted that the primary goal of these investigators was to fertilize
eggs, not analyze sperm capacitation. Since that time, research has provided more insight
into specific capacitating agents such as heparin, an aminoglycan. Several studies have
suggested that glycoaminoglycans present within the female reproductive tract can invoke
capacitation, measured by the induction of the acrosome reaction. Gylcosaminoglycans
present in the reproductive tract and capable of inducing the acrosome reaction include
heparin sulphate, chondroitin sulphate and hyaluronic acid (Varner et al., 1991).

Heparin has been shown to induce capacitation-like changes in the bull (Parrish et
al, 1988) and stallion (Varner et al, 1993). Its mechanism of action is not known but the
capacitation response is time and species dependent. Stallion spermatozoa required
approximately 4.5 hours of incubation with heparin before exhibiting increased

percentages of capacitated and acrosome reacted sperm. The latter was determined by
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staining methods and electron microscopy. Other studies have not been able to duplicate
the effect of heparin in the stallion. Heparin induced capacitation is blocked by the
addition of glucose. Stallion semen contains high concentrations of glucose.

Other capacitating agents include calcium ions, caffeine, lysophosphatidylcholine,
oviductal epithelium, uterine fluid, high ionic media and alkaline media. In-vitro
capacitation of ovine (Voglmayr and Sawyer, 1986), equine (Ellington et al, 1993 c. ;
Varner et al, 1993), human (Sher et al, 1984 ; Perino et al, 1986), bovine (Parrish et al,
1988), porcine (Hunter and Nichol, 1988), hamster (Viriyapanich and Bedford, 1981),
mouse (Fraser, 1984), rabbit (Bedford, 1969) and guinea pig (Yanagimachi and Mahi,
1976) spermatozoa using these agents have been demonstrated previously.

In vitro studies have also demonstrated that sperm capacitation is temperature
dependent. A temperature range of approximately 37°C to 39°C is optimum

(Yanagimachi, 1994).

CAPACITATION CHANGES OF THE SPERMATOZOON:

Plasma membrane:
The spermatozoal plasma membrane, as stated previously, is altered during
capacitation. A preponderance of evidence supports the view that this alteration involves

the removal or modification of surface-associated components (Weinman and Williams,
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1964). These components are termed decapacitating factors and are glycoproteins
thought to be found in seminal plasma (Fraser et al., 1990 a. ; Oliphant and Brackett,
1973). Glycoproteins have been observed to be released and absorbed by ram
spermatozoa incubated in uterine and oviductal fluid (Voglmayr and Sawyer, 1986).

Intramembrane particle redistribution also occurs during capacitation. The use of
freeze-fracture techniques (Friend, 1980) and measurement of cholesterol / phospholipid
ratios (Davis, 1981) have shown capacitation changes in-vitro to include modifications of
the structure, organization and concentration of proteins, sterols, and phospholipids
(Yanagimachi, 1994) within the plasma membrane of the spermatozoa. Friend (1980)
showed that cleared areas in the acrosomal region of the sperm plasma membrane during
in-vitro capacitation of guinea-pig sperm consisted of sterols and proteins. Redistribution
of particles result in the formation of patchy areas that give characteristic binding and
fluorescent patterns observed.

Koehler (1978), observed that binding of lectin to the acrosomal region was
reduced after incubating spermatozoa in the estrous reproductive tract or in in-vitro
capacitative conditions when compared to non-capacitated sperm. Similar studies using
antibody labelling of sperm surface antigens seem to suggest the removal of some surface
associated component responsible for binding during the capacitation process. These
findings suggest similar activity in vivo that may be intimately associated with

capacitation.
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Hypermotility:

The capacitation process is transitory and does not involve any obvious
ultrastructural or morphological changes which can be easily observed with light
microscopy. Two clinically observable phenomena have been demonstrated to be
associated with capacitation. One such phenomenon is sperm hypermotility or hyperactive
motility (Yanagimachi, 1970 and 1981 and Suarez et al, 1983).

Hypermotility or hyperactivation, as described by Yanagimachi (1981), denotes a
marked change in the pattern of beat of the sperm tail resulting in a non-progressive
whiplash pattern of motility. It is thought to occur at the end of physiological capacitation
however the timing of hyperactivity as it relates to the onset or progression of capacitation
is difficult to study in-vivo. Hyperactivation occurs in the female reproductive tract at
some time between insemination and fertilization. This type of motility pattern has been
demonstrated in spermatozoa recovered from the oviduct of numerous species (Cummins,
1982 ; Olds-Clarke, 1986 ; Shalgi and Phillips, 1988 ; Suarez and Osman, 1987).
Hyperactivation has also been described in hamster and guinea pig spermatozoa
capacitated in-vitro (Katz and Yanagimachi, 1981) and in vivo (Yanagimachi and Mahi,
1976).

Katz et al (1989) hypothesized that hyperactivated motility enables (i) an increased
area of contact with the oviductal lumen thereby increasing the probability of contact with
the egg, (i) movement of spermatozoa through mucosal folds, (iii) effective penetration of

the cumulus and zona pellucida, and (iv) stirring of the surrounding mileu promoting
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contact with metabolic substrates and possible stimulatory factors. Regardless of its
significance, experimental evidence suggests that this type of sperm motility is important

for sperm ascent to the site of fertilization (Overstreet et al. 1979).

Acrosome Reaction:

The second phenomenon is the acrosome reaction. Clear distinction between the
events of capacitation and the acrosome reaction is lacking. Currently, the acrosome
reaction is thought to occur at the end of capacitation prior to zona penetration and
fertilization. It results from the fusion of spermatozoal and outer acrosomal membranes
with the subsequent release of hydrolytic acrosomal enzymes. Enzyme release is via
exocytotic mechanisms through fenestrations formed at the points of fusion of both
membranes (Barros et al., 1967). These enzymes aid in the penetration of the cumulus
and zona which surround the oocyte.

Many substances have been found to stimulate the acrosome reaction in vitro. The
physiologic stimulus in vivo is thought to be interaction with the egg and surrounding
fertilization mileu. Timing of the acrosome reaction is critical to fertilization. Sperm that
undergo this reaction prior to penetration of the cumulus have reduced ability to further
penetrate the zona and adhere to cumulus cells (Talbot, 1985). Spermatozoa that are
acrosome intact participate in zona binding. This has been documented in the mouse

(Saling et al., 1979), boar (Peterson et al., 1980), sheep (Crozet and Dumont, 1984), bull
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