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Introduction

In most domestic animal reproductive biotechnology, assisted reproductive techniques
(ARTs) are aimed at manipulating the gametes outside the body of the animal, such a normal
and assisted fertilization of the oocyte and culture in vitro, long- or short-term conservation
and subsequent transfer of resulting embryos to synchronized recipients as in most domestic
animal scenarios. Furthermore, the collection, processing and handling of semen followed by
artificial insemination or assisted fertilization techniques are well developed for most
domestic animals including the dog and cat. However, in the dog, reliable systems for in vitro
production of embryos, embryo cryopreservation and embryo transfer are yet to be developed.
Oocyte maturation and subsequent embryo culture in vitro are currently the rate-limiting steps
to success in canine biotechnology. In vivo, the microenvironments provided by the follicle
and the oviduct protect oocytes from oxidative damage to which they are exposed in vitro and
allow an efficient exchange of regulatory molecules, which promote both nuclear and
cytoplasmic maturation of the oocytes. Modifications of the cultural environment during
maturation, either by addition of substances that stimulate endogenous systems of the egg cell
and modulate the intracellular levels of regulatory molecules, or by the use of sequential
culture systems adapted to the various demands of the oocyte and embryo during development
in vitro, may be a feasible approach to solving the problem. In this paper a review of the state
of the art in canine in vitro techniques is given.

Semen processing and assisted fertilization

Semen processing for short-term conservation in the fresh state for immediate or within 24-
48 hour- artificial inseminations involves the use of extenders for canine semen (Farstad,
1998). Also, fresh semen is commonly used for in vitro insemination, necessitating the use of
special canine capacitating media (CCM, Mabhi and Yanagimachi, 1978) or media adapted
from use in other species (sperm TALP). Sperm TALP contains albumin, which stimulates
sperm capacitation, and even the acrosome reaction, in a variety of species (Hewitt &
England, 1999a; Andrews et al, 1992, Sirivaidyapong et al., 2000).

Furthermore, in vitro techniques for testing dog sperm function include sperm binding assay
and sperm penetration assays using entire or hemi-zonae or intact oocytes (Hewitt and
England, 1998). In this system both fresh, cooled ands salt-stored oocytes are used.
However, salt-storing may cause damage to the oocytes, whereas up to 48h cooling of oocytes
within the follicle does not seem to affect sperm-egg interaction and penetration rates
compared with fresh oocytes (Mastromonaco et al., 2002). Semen may be collected from
fresh or cooled epididymides and successfully be able to bind to homologous zonae in a time-
dependent manner. Sperm that are cooled at 4 °C for up to 192 hours (8 days) within the
epididymides may still be motile and bind to zonae, although the overall motility and number
of sperm with intact acrosomes are significantly reduced when storage exceeds 48 hours (Yu
and Leibo, 2002). The oviduct has a modulating effect on sperm selection and capacitation in
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vivo. Coculture with porcine oviduct cells in vitro showed that these cells influenced canine
sperm in a similar way as the canine oviduct in vivo, i.e., producing similar alterations in
sperm head tyrosine phosphorylation and delaying capacitation in sperm bound to oviduct
cells. Porcine coculture systems may be a possible way to assess canine sperm capacitation in
vitro (Petrunkina et al, 2003).

Intracytoplasmic sperm injection (ICSI) involves injecting a spermatozoon into the cytoplasm
of a mature ovum. This procedure enables even non-motile sperm to take part in fertilization,
and the sperm tail no longer plays an essential role in fertilization. On the contrary,
fertilization may be successful as long as the sperm DNA is intact and remains in its stable
condensed form. This not only renders the use of sperm from dogs that have immotile sperm
possible, but theoretically, epididymal sperm from extinct species obtained as freeze-dried
specimens in museums of natural history, or specimens found enclosed in ice blocks in the
permafrost state may be sufficiently well preserved to develop after injection into oocytes of
closely related species as suggested by Seidel (1991). Only one limited experiment of ICSI
has been published in the dog, but no live offspring were produced (Fulton et al., 1998). This
is in contrast to the situation in cats, in which the birth of live kittens is reported after ICSI
(Gomez et al, 2000).

Maturation of oocytes in vivo vs in vitro

In canines, the oocyte is ovulated at the beginning of the first meiotic division with the
extrusion of the first polar body, and subsequent stages of oocyte maturation occur in the
oviduct. At ovulation the cumulus mass around the oocyte is tight, as opposed to other
mammals such as the cow, in which oocyte maturation is completed and the cumulus mass is
expanded. During the process of oocyte maturation in canine oocytes, a similar cumulus
expansion is seen as the bitch oocyte matures, and complete nuclear maturation with the
extrusion of the first polar body was only observed in dog oocytes matured in vitro with at
least two layers of cumulus (Nickson et al., 1993).

Penetration of the oocyte during maturation is possible in both dog and fox oocytes despite
their immature state. Sperm penetration induces oocyte maturation (Mahi and Yanagimachi,
1976; Farstad et al., 1993a; Saint-Dizier et al., 2001). The canine oocyte seems to possess the
ability to elicit the cortical reaction to prevent polyspermy, and a parallel synchronization
between male and female pronucleus development was found to occur in both fox ova
(Farstad et al, 1993a) and dog ova (Saint-Dizier et al., 2001). Fox and dog oocytes appear
morphologically similar (Holst and Phemister, 1971; Farstad et al., 1989; Hyttel et al., 1990).
Dog and fox oocytes require 1-3 days of maturation in the oviduct to resume and complete first
meiotic division to allow fertilization (Farstad et al., 1989; Hyttel et al., 1990). In vitro studies of
dog oocytes indicate that all oocytes capable of maturation had extruded the first polar body after
24h of in vitro culture (Nickson et al, 1993). After in vitro fertilization of in vitro matured dog
oocytes with fresh dog spermatozoa, these authors found that no penetration of the zona
pellucida occurred in oocytes cultured less than 24h, whereas oocytes matured for 48h or 72h
zona penetration occurred within 1h after addition of spermatozoa. This indicated that 48h of
maturation is needed in vitro before fertilization is possible, and that nuclear maturation alone
judged by polar body extrusion, is not sufficient to allow fertilization. Thus, the in vitro studies
confirm observations on oocytes obtained in vivo that the bitch oocyte needs at least 24-48h of
maturation before developmentally competent embryos can be obtained after fertilization.
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In vitro maturation of canid ovarian oocytes collected in anoestrus have resulted in poor
maturation success (Krogenes et al., 1993; Wen et al., 1994). During anoestrus many oocytes
are still in their growing phase, and it has been stated by several authors that an oocyte diameter
of >100-110um is necessary before the oocyte acquires meiotic competence (Otoi et al., 2002).
Difficulty in maturing canid oocytes may also be related to these oocytes normally being
matured in the oviduct, or the need for cumulus granulosa cells to stimulate resumption of
meiosis. Mitogen-activated protein (MAP) kinase activation and Raf-1 synthesis and
phosphorylation are controlled by cumulus cells (CCM) in foxes, and FSH receptor-dependent
pathways may be present in granulosa cells capable of controlling oocyte maturation (Kalab et
al., 1997). Luvoni et al. (2001) showed that estrus cycle influenced cumulus-acolyte
communications in canine oocytes cultured in vitro. In anestrous oocytes there were no
permeable gap junctions between oocytes and their surrounding cumulus cells as opposed to
those in late proestrus, suggesting that CCM control oocyte maturation through gap junctions in
the dog as well. From the above, it is now well established that canine oocytes resume meiosis
in vitro (10-40%), although at a much lower rate than in vivo (for review also see, Farstad 2000).

The most common medium used for canine oocyte maturation is TCM 199, with or without
serum supplementation (bovine serum albumin, canine serum from anestrus or metestrus bitches,
or estrous bitch serum), hormones (FSH/LH, progesterone, estradiol), epidermal growth factor
(EGF), somatotropin (human’, bovine* or porcine’ST, Rodrigues and Rodrigues, 2003'; Srsen et
al., 1998 Willingham-Rocky et al., 2002°) or proteins, and somatic supporter cells, such as
oviductal cells (Bogliolo et al., 2002). The influence of supplementing serum, using co-culture,
growth promoting substances and hormones to induce nuclear maturation is widely discussed,
and results and conclusions differ somewhat between studies. Hewitt and England (1999b) did
not find any beneficial effect of co-culture with anestrous oviduct cells (location of sample site
unspecified) on oocyte maturation. Contrary to their findings, significantly higher meiotic
resumption rate was found in canine oocytes cultured with cells from either the infundibulum
(59%) or the ampulla (60%) of the estrous bitch oviduct compared with culture without oviduct
cells (40%), and more oocytes progressed to MII in the co-culture systems (Bogliolo et al, 2002).
Luvoni and coworkers (2003) found that oocyte culture in isolated ligated oviduct was
significantly better and with fewer degenerate oocytes than culture in open oviduct or drop
culture within 30h of culture. Oviduct cell interaction with oocytes therefore seem beneficial to
in vitro systems of oocyte maturation in the dog. Recently it has been shown that canine oocytes
may also complete nuclear maturation in protein free media, although at a very low rate
(1/13500cytes) (Songsasen et al, 2002). As of now, oocyte maturation seems to be the rate-
limiting step for success with in vitro production of canine embryos, as well as for other forms of
manipulation of canine oocytes, such as ICSI or cloning by nuclear transfer.

Fertilization of oocytes in vitro, embryo development and embryo culture

Valtonen (1984a,b) and Valtonen et al. (1984) described the developmental stages of early blue
fox (4lopex lagopus) embryos in relationship to the day of mating. At 2-4 days after mating
oviductal embryos were 1-cell, at 4-6 days after mating 1-4 cells, and at 6-8 days morulae were
found in uterus, whereas expanded and hatched blastocysts were present on days 13-15 after
mating. Red foxes (Vulpes vulpes) may experience a more rapid oocyte maturation after
ovulation and a faster oviductal passage of embryos than blue foxes and dogs because embryos
enter the uterus at the 14-16-cell stage 4-6 days after mating. Morulae are found on days 6-7,
expanded blastocysts on days 9-10 and hatching blastocysts on days 11-12. Implantation occurs
16-18 days after mating in both species (Jalkanen, 1992a,b). Farstad et al (1993a) suggested that
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the fox embryonic genome was switched on at the 6-8-cell stage. In the dog, embryos survive
in the oviduct for 6-8days. Holst and Phemister (1971) recovered free-floating blastocysts
from day 8-20 after mating. The major transcriptional activity occurs in the dog at the end of
the 4™ post-fertilization cell cycle, i.e., at the 10-12-cell embryo (Vaver Bysted, 2001). This
implicates that the particular sensitive period for suboptimal culture conditions may be later in
the developmental program in dog embryos than in fox embryos (6-8-cell stage).

The first successful report of a dog ovum developing in vitro from a 1-cell zygote to the
morula stage was reported in 1991 (Renton et al, 1991). Yamada et al (1992) showed that dog
oocytes from preovulatory follicles could be matured, fertilized and cultured to the 8-cell
stage in vitro. Songsasen and coworkers (2002) obtained a small portion of early canine
embryos after in vitro culture of IVP zygotes in a protein—free medium. One canine
pregnancy following in vitro fertilization of bitch oocytes has been reported, although the
pregnancy did not go to term (England et al, 2001), and one pregnancy from nuclear
transfer/ET was established but was unfortunately lost before term (Westhusin et al, 2001).

In vitro fertilization of in vivo-matured as well as in vitro-matured fox oocytes have been
successfully carried out in the blue fox (Farstad, 1993b,c, Farstad et al, 2001). Farstad et al
(1993c¢) fertilized immature fox oocytes in vitro, and were able to culture an embryo to the
morula stage. In vitro culture of in vivo-produced silver fox embryos and subsequent surgical
embryo transfer has been carried out with the birth of two live pups (Lindeberg et al, 1992;
Jalkanen, 1993; Jalkanen and Lindeberg, 1998). All procedures involved the use of TCM 199 as
culture medium with serum sources from bovine or fox, and in the case of the fox experiments,
fox oviduct cell cultures were used to make conditioned media for embryo co-culture.

Progress is slow in this area because of the difficulty in obtaining oocytes and embryos, and the
difficulties in maturing oocytes in vitro when they are collected from anestrous females.
Although some experiments have been carried out on gamete and embryo culture conditions,
there is still a lack of knowledge concerning maturation competence and hormonal stimulation
regimes, and inexperience in optimum culture conditions and flushing methods for embryos.
Modifications of the cultural environment during maturation, either by addition of substances
that stimulate endogenous systems of cell defense and modulate intracellular levels of
regulatory molecules, or by the use of sequential culture systems adapted to the various
demands of the oocyte and embryo during development in vitro, may be a feasible approach
to solving the problem.

Embryo transfer and recipient management

Transfer of embryos from one female to another requires synchronization of cycles between
donor and recipients, i.e., the recipient’s uterus should provide an endocrinological and
cellular environment, which is as similar as possible in temporal development to the uterine
environment of the donor female (+1 day) in day of ovulation relative to the donor bitch,
Tsutsui et al, 2001). In foxes, natural synchronization is achieved in a farm situation due to
the seasonal occurrence of estrus and the effect of surrounding females on the induction of
estrus in neighboring vixens. This has enabled successful embryo transfer in the silver fox
(Jalkanen and Lindeberg, 1998). Similar mechanisms, i.e., sexual pheromones, exist for
natural synchronization in groups of bitches housed together in kennels or in private homes.
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Artificial induction of estrus may be done using either gonadotropins or lately, dopaminergic
compounds, such as the antiprolactin cabergoline, which affects the interestrus interval (for
review, see Gobello, 2002 and Rota et al, 2003). However, no attempt has so far been
published to use these substances for synchronization of estrus in bitches for embryo transfer.
Despite these difficulties, successful surgical transfer of dog embryos leading to the birth of
live pups, has been published both after intrauterine (Kinney et al, 1979; Tutsi et al, 1989),
and intratubal transfer to the lower part of the oviduct. Transfer of embryos to the lower part
of the oviduct was carried out with greater success than uterine transfer, since 50% of
recipient dams became pregnant. None of the females which had embryo transferred to the
upper part of the oviduct became pregnant (Tsutsui et al, 2001). Transfer to only one uterine
horn (or oviduct) should be sufficient, since transuterine migrations has been found to occur
in dogs (Tsutsui et al, 2002). The use of ET in canids may increase when in vitro produced
embryos become available for transfer, or when cryopreserved canid embryos can be stored
and transferred to naturally synchronized animals or to females in spontaneously occurring or
induced estrus.

Cryopreservation

The ability to cryopreserve gametes and embryos is of considerable importance to future
application of ARTs in canids. Whereas freezing protocols for semen are available for some
canid species such as the domestic dog and red fox, and to a certain extent the arctic fox,
spermatozoa from other canid species may be further away from being successfully
cryopreserved (Farstad et al, 1992; Goodrowe et al, 2000; Zindl et al, 2002). Freezing of
embryos from foxes has been attempted by both conventional freezing methods and by Open
pulled straw (OPS) vitrification procedures (H. Lindeberg et al, cited in Farstad, 2000), but to
date no live offspring has been born from frozen canid embryos.

Cloning of dogs by nuclear transfer

Biotechnology and the use of assisted reproductive techniques (ART) have reached much
further in cats than in dogs. The refinement of invasive techniques with gametes and embryos
in cats has now proven to be a successful tool. Nuclear transfer techniques have recently
resulted in birth of the first live cloned cat, “CopyCat,” in 2002 (Shin et al, 2002). The
company that finances the scientists who created Copycat (the Genetics Savings and Clone
Company) claimed in 2000 that they expected to see canine clones of “Missy”( named after
the female pet dog, Missy, the Missiplicity project (Nature Biotechnology, 1998, 16: §92)
appear at the end of 2000 (Grisham, 2000). However, at the end of 2003 no cloned canine has
yet been born.
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