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(Tsunoda et al., 1987). In farm species, development does not occur when pronuclear zygotes are
used, except when pronuclei are exchanged between zygotes (cattle: Robl et al., 1987; pig: Prather
et al., 1989); thus, MlI-arrested oocytes have become the recipient of choice, since development to live
offspring has been obtained using this type of recipient.

Sources of recipient oocytes

Oocytes for use as recipient cells in embryo reconstruction can be obtained after in vivo
maturation from mature, unovulated follicles, or by flushing ovulated oocytes from the oviducts
(Prather ef al., 1987; Prather et al., 1989; Campbell ef al., 1994). Alternatively, oocytes recovered at
slaughter in cattle (Barnes et al., 1993), sheep (Pugh et al., 1991) and pigs (Hirao et al., 1994) and
matured in vitro have also been used as recipients. In cattle, immature oocytes may also be obtained
by aspirating ovarian follicles in vivo in cattle (for review, see Bols ef al., 1994).

Enucleation of recipient oocytes

The term enucleation is used to describe the removal of the genetic material from the recipient
cell. Oocytes arrested at MII do not contain a nucleus; rather, the chromatin is condensed as
chromosomes arranged on the meiotic spindle. In farm animal oocytes, the MII chromosomes, or
metaphase plate, are not visible under the light microscope. However, they are generally situated
subjacent to the first polar body, which can be used as a convenient landmark for locating the
metaphase plate. Enucleation is accomplished by piercing the zona pellucida with a glass pipette
(1520 pm in diameter), and then placing the pipette tip over the polar body (and thus the
metaphase plate) and withdrawing a membrane-enclosed portion of cytoplasm containing the
meiotic chromosomes by applying gentle suction. In some cases, oocytes may be treated with the
microtubule inhibitor cytochalasin B to render the plasma membrane elastic to facilitate enucleation
and reduce mechanical stress and damage to the oocyte as a result of the enucleation procedure.
Enucleation is confirmed by staining the karyoplast with a DN A-specific fluorochrome (i.e. Hoescht
3332) either following aspiration (Westhusin et al., 1990) or during the aspiration procedure as is
used routinely in our laboratory (Campbell et al., 1993a).

Embryo reconstruction

After enucleation, the genetic material from the donor cell (karyoplast) must be introduced into
the enucleated oocyte (cytoplast). In general this has been achieved by fusion, although direct
injection techniques have been used successfully by some workers (Collas and Barnes, 1994; Ritchie
and Campbell, 1995). Fusion is induced by a number of agents including Sendai virus (Graham,
1969), polyethylene glycol (PEG; Kanka et al., 1991) or application of a DC electric current
(Willadsen, 1986). In farm animal species, electrofusion is the most commonly used method. Use of
Sendai virus is efficient in mice, although its effects are variable in other species, for example sheep
(Willadsen, 1986). The use of PEG requires its fast and efficient removal after fusion because of its
toxicity.

Activation of the reconstructed embryos

After introducing the donor genetic material, the reconstructed embryo has to initiate embryo
development. Normally, development is initiated by an activation event induced by the
spermatozoa at fertilization. Fertilization stimulates a series of intracellular calcium peaks that
appear to be necessary and sufficient for activation of development. In the absence of fertilization,
treatments must be applied that mimic these events to induce development. During recent years
many treatments have been reported to cause oocyte activation. Such treatments have included
electrical stimulation using either a single DC pulse (pig: Prochazka et al., 1992; cattle: Kono et al.,
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et al., 1985). These changes may render both the cytoplasm and the chromatin more compatible with
the cytoplast and facilitate a greater reprogramming of the donor chromatin by maternally derived
cytoplasmic factors as discussed in the previous section. The role of quiescence in changing
chromatin structure and the ability of donor nuclei to re-control development after nuclear transfer
requires further studies; however at PPL this technology has been transferred to cattle and a live calf
produced (Chen et al., unpublished).

Techniques for and uses of Genetic Modification in Farm Animal Species

The aims of any scheme for genetic modification or selection are to obtain stable desirable
phenotypes that transmit the required traits through the germ line. In farm animal species we were
until recently limited to the technique of pronuclear injection; however, nuclear transfer from
cultured cell populations provides an alternative route to genetic modification.

Pronuclear injection

The addition of genetic material or production of a transgenic animal can be achieved by the
injection of the required gene into the pronucleus of a zygote. Although this technique has been
applied successfully in a number of species including mice, rabbits, pigs, sheep, goats and cattle (for
review see Wall 1996), there are a number of disadvantages. Integration does not always occur
during the first cell cycle resulting in the production of mosaic embryos (Burdon and Wall, 1992).
Integration occurs at random within the genome resulting in variable expression of the gene product
(see Wall, 1996). At present only simple gene additions may be performed. The selection of
transgenic embryos before their transfer is hampered by mosaicism (Rusconi, 1991). The production
of the required phenotype coupled to germ line transmission may require the generation of several
transgenic lines. Multiplication of the required phenotype or its dissemination into the population is
restricted by breeding programmes.

Nuclear transfer

The production of animals from cells that can be maintained in culture offers a number of
advantages over the technique of pronuclear injection. First, the cells to be used as nuclear donors
can be sexed, genetically modified and selected in culture before their use for nuclear transfer. The
resultant animal is produced from a single nucleus of the desired genotype; therefore, mosaics will
not be produced and the genetic modification should be transferred to the offspring. As all of the
cells in the animal contain the transgene, then dependent upon its site of integration and tissue
specific promotor, transgene expression should be obtained in the tissue of interest. The use of
cultured cells will allow multiple genetic modifications and also facilitate precise genetic
modifications which are presently not possible. For instance, specific genes may be removed
(knocked out), replaced (knocked in) or specific chromosomal regions modified. The combination of
cell culture and nuclear transfer allows multiple genetic modifications to be carried out by isolating
new cell populations to act as nuclear donors from any of the embryos, fetuses or adult animals
created. Thus, modifications not possible within the limited lifespan of a primary cell population
may be facilitated by its rejuvenation via nuclear transfer.

Genetically modified, selected, clonally derived cells may be stored until expression data are .
obtained from the resultant animals. An “instant” flock or herd of animals may then be produced by
nuclear transfer, thus reducing the period required by natural breeding for production purposes.

Applications of nuclear transfer

In the short term, the major applications of such technology are most likely to be in the
biopharmaceutical industry. The ability to produce animals from cultured cell populations will
allow the precise genetic modification of these cells before embryo reconstruction. Such applications
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more thorough understanding of the reprogramming mechanism could lead to the development of
better methods of inducing reprogramming during nuclear transfer. For transgenic work, especially
if it involves gene targeting, cultured cells must be maintained in culture through numerous
population doublings to allow for transfection and selection of genetically modified cells and may
suffer karyotypic abnormalities or other mutations during extended culture. Improved methods of
cell culture and more efficient gene targeting and selection methods could reduce the incidence of
mutations induced during culture and thus lead to more robust cell populations for nuclear transfer.
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