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Preface

 

Cloning technology has the potential to be a valuable tool not only in basic research,
but also in agriculture and clinical medicine. The agricultural and clinical applica-
tions that are being explored include reproductive cloning of farm animals and
therapeutic cloning for human cell, tissue, and organ replacement [1,2].

 

 

 

Embryos
produced by nuclear transfer from a patient’s somatic cell offer one potential source
of embryonic stem (ES) cells [3,4] that would be histocompatible with the patient’s
cells and in principle be a source of any other cell type. Studies in animal models
show that transplantation of ES-derived cells can successfully treat a variety of
chronic diseases, including cardiovascular diseases, diabetes, and traumatic spinal
cord injury, that underlie the promising role of human ES cells in tissue regeneration
and modern medicine [5]. 

Several laboratories have used a variety of somatic cell types to create cloned
animals, including sheep, cattle, mice, pigs, and goats; the list is ever expanding.
The present procedures have proved to be repeatable, but are very inefficient when
only between 1 and 4% of reconstructed embryos typically develop to adulthood
[1,2]. The low overall success rate is the cumulative result of inefficiencies at all
stages of development, although species and donor cell types may differ in the
precise pattern of loss. In addition to embryonic loss, somatic cell nuclear transfer
is also associated with very high rates of fetal, perinatal, and neonatal loss, and
production of abnormal offspring [1,2,6]. Common abnormalities include respiratory
distress, increased birth weight, and major cardiovascular abnormalities. Other
abnormalities that may develop later include failure of the immune system; structural
abnormalities of the brain and other viscera; accelerated aging; and obesity, which
may be influenced by species, genetic background, or donor cell type.

Increasing evidence from a range of mammals shows a propensity for epigenetic
errors with embryo technologies; if paralleled in human embryos, the effect on
tumorigenic and differentiation properties of ES cells needs to be established [7].
Epigenetic risks are also related to assisted reproductive technologies in humans as
known for imprinting disorders such as Beck–Wiedemann and Angelman syndromes.
Therefore, it is important to evaluate the consequences of cloning in resulting embryo
and offspring before widespread use of the technology.

We hope that this book helps the reader understand embryonal, fetal, perinatal,
neonatal, and postnatal development of clones of various species for further tech-
nological advances.
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ABSTRACT

 

To date, cloning from adult somatic cells has been successful in at least 10 species.
Although generating viable cloned mammals from adult cells is technically feasible
and this list will only continue to grow with time, prenatal and perinatal mortality
is high and live cloned offspring have not been without health problems. The success
of many of the proposed applications of the cloning technique obviously depends
upon the health and survival of founder animals generated by nuclear transfer. This
review summarizes the health consequences of cloning in mice and discusses pos-
sible mechanisms through which these conditions may arise. These studies have
further significance because other assisted reproductive techniques (ART) also
involve some of the same procedures used in cloning; some reports have indicated
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that offspring generated by ART display aberrant phenotypes as well. At the moment,
the long-term consequences of mammalian cloning remain poorly characterized.
Data available thus far suggest limiting use of this technology until numerous
questions are addressed and answered. 

 

1.1 INTRODUCTION

 

It was once believed that cloning mammals from differentiated adult somatic cells
was impossible [1], but it is now known that this is not the case. In 1997, Ian Wilmut
and colleagues in Scotland reported that they had successfully generated a cloned
mammal, a sheep named Dolly, using nuclear transfer of nuclei from an adult
mammary gland cell [2]. Initially, that Dolly was cloned from an adult somatic cell
was in doubt because she was the only cloned sheep produced and efforts to replicate
that feat failed. A year later, two independent groups, working with two different
species, cast away that doubt, thus confirming that mammalian cloning using an
adult somatic cell was indeed possible [3,4].

Since those first reports, other species have been cloned from adult cells, includ-
ing the pig [5]; goat [6]; cat [7]; rabbit [8]; mule [9]; horse [10]; and rat [11]. The
possible applications are numerous and range from production of genetically mod-
ified livestock for human consumption to generation of replacement tissue for trans-
plant therapy, and even human reproduction. Although the efficiency of cloning in
all species is extremely low [12] and cloned animals exhibit various health problems,
cloning technology will improve as scientists are allowed to determine the optimal
conditions for cloning. As with all new technologies, it is important to evaluate the
potential short- and long-term consequences prior to widespread use. 

This review summarizes studies conducted in mice that begin to document the
consequences of mammalian cloning from adult somatic cells. Selecting the mouse
as the animal model offers the advantages of its easy handling and well-characterized
behavior and genetics, as well as a short lifespan that permits longitudinal studies
of these animals in a relatively short time span. Although the phenotype of cloned
offspring has been published, it is important to note that in some cases the results
have been mixed, suggesting that the consequence of cloning is highly unpredictable.

Additionally, although some altered phenotypes in cloned animals may be attrib-
utable to the cloning process, additional influences may arise from interlaboratory
differences in technical proficiency. Indeed, some studies report phenotypic varia-
tions in animals generated from normal as well as reconstructed embryos exposed
to 

 

in vitro

 

 culture conditions [13–17]. Thus, it is critical that the appropriate control
groups are included in order to differentiate clone-specific phenotypes from those
resulting from technical aspects of the technique [18,19].

Of equal, or perhaps greater, significance is the fact that many of the technical
manipulations involved in cloning are also used in assisted reproductive techniques
(ART) used in humans, including 

 

in vitro 

 

fertilization (IVF); intracytoplasmic sperm
injection (ICSI); exchange of cytoplasm between oocytes; and 

 

in vitro 

 

culture. These
techniques have been used extensively in humans for a short period of time. The
oldest IVF baby is currently in her mid 20s; however, the long-term consequences
of ARTs have not been determined. Perturbations in development resulting from 

 

in
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vitro 

 

manipulation of embryos have been documented in sheep, cattle, and mice
[13,20], suggesting that these techniques are not innocuous to offspring. Systematic
longitudinal studies must be done using cloning and ARTs, and care must be exer-
cised in dissecting the effects of these techniques by including control groups to
determine the contribution of such manipulations to any aberrations in offspring. 

 

1.2 METHODS

 

Female B6C3F1 cloned mice were generated by the “Honolulu technique” to study
the behavioral and physiological consequences of cloning on offspring [3]. Briefly,
female mouse clones were generated by microinjection of cumulus cell nuclei from
adult (8 to10 weeks old) B6C3F1 (C57BL/6 

 

×

 

 C3H/He) hybrid mice into enucleated
oocytes collected from adult (8 to 10 weeks old) B6D2F1 (C57BL/6 

 

×

 

 DBA/2) mice.
Preimplantation embryos were transferred into pseudopregnant CD-1 surrogate
mothers. Pups were delivered at 19.5 days postcoitum (d.p.c.) by cesarean section
and placed with the litters of lactating CD-1 foster mothers to be raised. 

In addition, two control groups were employed. Members of the first group were
age- and strain-matched mice generated by natural mating (“STOCK” controls). The
second control group (“IVEM” controls) also consisted of age- and strain-matched
mice. These animals were generated to control for several of the 

 

in vitro

 

 manipula-
tions and procedures to which the cloned embryos were subjected, including 

 

in vitro

 

culture until the two-cell stage and embryo transfer into surrogate mothers. IVEM
mice were delivered by cesarean section at 19.5 d.p.c. and the pups were cross-
fostered to lactating CD-1 foster mothers.

 

1.3 CLONING THE MOUSE

 

“Cumulina” was the first mouse to be cloned from an adult somatic cell, a cumulus
cell [3]. Since this first report, other researchers have produced cloned mice from
embryonic stem (ES) cells [21–24]; fetal neurons [25]; fibroblasts [26,27]; and
immature Sertoli cells [28]. It is important to point out that the cloned mice produced
in these studies were generated by piezo-driven microinjection of isolated cell nuclei.
This is in contrast to other studies, including those examining phenotypes of cloned
cattle, which used whole cell injection and electrofusion to generate cloned embryos.
The two protocols have inherent differences, including the degree of mechanical
trauma to the oocyte and reconstructed embryo and the amount of cytoplasmic
contamination. Although the differences between these two protocols have been
addressed [27], they have not yet been investigated thoroughly, particularly in regard
to the potential long-term consequences on the phenotype of offspring. 

The method of activation of the resulting embryo differs between the Honolulu
technique and electrofusion method. The Honolulu technique relies on chemical
activation by Sr

 

2+

 

 and a delay between nuclear transfer and activation; the electro-
fusion method involves simultaneous activation by the electric pulse during fusion
of the donor cell with the enucleated oocyte. It has been demonstrated that the
method of activation does not have a significant effect on postimplantation embryo
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development or the birth of live offspring [29]; however, whether it produces dif-
ferences in the phenotype of offspring is not known.

 

1.4 EMBRYONIC AND PRENATAL DEVELOPMENT 

 

As mentioned earlier, the success rate (percentage of reconstructed embryos that
develop to full term) of cloned mice is very low and currently remains at about 1%
for cumulus cells and 2 to 3% for ES cells. However, differences between the use
of these two cell types emerge when progress to successive developmental stages is
examined in detail (Figure 1.1) [21,30]. With cumulus cells, 55% of cloned embryos
developed 

 

in vitro

 

 to the morula/blastocyst stage. Evaluation of 

 

in utero

 

 development
beyond the morula/blastocyst stage was made at the time of cesarean section, which
took place 16 days after embryo transfer; 35% of cloned embryos appeared to have
implanted and 1% developed to live pups, with no dead fetuses. 

In contrast, only 30% of cloned embryos completed preimplantation develop-
ment when ES cells were used as nuclear donors. 

 

In utero

 

, 20% showed evidence
of implantation, 4% developed into a fetus, and 2% were alive at term. Many
placentae (without fetuses) and dead fetuses arrested at 15 to 17 d.p.c. were observed
on cesarean section. It is suggested that the specific restriction points within a
successful cloning process may vary with the source of cells. The mouse is a
preferred organism to study the parameters governing the cloning phenomenon
systematically. 

 

FIGURE 1.1

 

Survival of cloned embryos at various stages of development. The number of
oocytes that survived nuclear transfer of cumulus cells or embryonic stem (ES) cell nuclei is
represented as 100%. Advancement to the morula/blastocyst stage occurred over 3.5 days 

 

in
vitro

 

. At 19.5 d.p.c., cesarean section is performed and the number of implantation sites,
stillborn fetuses, and live fetuses are noted. The “fetus” stage includes stillborn and live
fetuses. (Adapted from Wakayama, T. et al., 

 

Proc. Natl. Acad. Sci. USA

 

, 1999. 96(26):
14984–14989.)
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1.5 PLACENTAL ABNORMALITIES

 

Placentomegaly is one striking and consistent characteristic of cloned mice
[26,31–34] (Figure 1.2). In cloned mice, placentas are enlarged by approximately
two- to threefold over that of controls, irrespective of gender of clone, nuclear donor
source, or nuclear transfer protocol [26,28]. Abnormal placentas have also been
noted in cattle [35] and are thus not unique in cloned mice.

Placental abnormalities in humans have been associated with adverse effects on
growth and development of the fetus. Thus, identifying the pathways and genes
involved in normal placentation is of great interest. The mechanisms for larger
placental size have been more thoroughly studied in cloned mice and have been
attributed to hypertrophy of the basal layer, spongiotrophoblasts, giant trophoblasts,
and glycogen cells [32]. In addition, placental zonation is disrupted and is charac-
terized by interdigitation of the labyrinthine–basal layer boundary and disorganiza-
tion of the labyrinthine layer [32].

Similar placental abnormalities have been observed in mice produced by other

 

in vitro 

 

micromanipulation techniques (intracytoplasmic sperm injection, ICSI;
round spermatid injection, ROSI; aggregation chimera; and pronuclear exchange)
[34]. However, only cloned mice exhibited basal layer expansion associated with
marked proliferation of glycogen cells, suggesting that nuclear transfer is responsible
for these specific characteristics [34].

The mechanisms for placental hypertrophy in cloned mice remain unclear.
Recent studies have determined that methylation of 

 

Spalt-like gene 3

 

 (

 

Sall3

 

), a gene
that plays an important role in nervous system development, was increased
and highly correlated with larger placentas in cloned mice; they found that
hypermethylation was not dependent upon cloned mouse gender, strain, or donor

 

FIGURE 1.2

 

Placental hypertrophy in clones. Typical term placentas in cloned mice (left)
are two to three times heavier than those of control mice (right). 

 

TF4006_C001.fm  Page 5  Thursday, June 9, 2005  9:01 AM

Copyright 2006 by Taylor & Francis Group, LLC



 

6

 

Epigenetic Risks of Cloning

 

cell used [36]. The degree of methylation at 

 

Sall3 

 

in mice generated by IVF and
ICSI was not different from naturally mated controls. These data suggest that this
aberration is specific to clones, is not species specific, and thus may result from the
nuclear transfer process. 

The expression of some imprinted and nonimprinted genes in placentas and
fetuses of cloned mice was compared to control mice produced by IVF. At midges-
tation (E12.5), placental expression of two imprinted genes (

 

Meg1/Grb10

 

 and

 

Peg1/Mest

 

) and two nonimprinted genes (

 

Igfbp2 

 

and 

 

Esx1

 

) was significantly
decreased in immature Sertoli cell-derived clones compared to IVF controls [37].
In contrast, cloned fetuses exhibited mRNA expression of the same genes that were
within the control range. 

When the placentas of cloned mice derived from cumulus cells or immature
Sertoli cells were examined at full term, the levels of three imprinted genes
(

 

Peg1/Mest

 

, 

 

Meg1/Grb10

 

, and 

 

Meg3/Gtl2

 

) and four nonimprinted genes (

 

Igfbp2

 

,

 

Igfbp6

 

, 

 

Vegfr2/Flk1

 

, and 

 

Esx1

 

) were lower than those of IVF controls, regardless of
donor cell source. Three genes (

 

Igf2

 

, 

 

H19

 

, and 

 

Igf2r

 

) did not exhibit significant
difference in clones; however, it was interesting that the variability between clones
appeared high, thus suggesting differences within the clone groups. Therefore,
although some clones may have gene expression similar to that of controls, expres-
sion between individual clones is still highly variable. Furthermore, although the
expression of some imprinted and nonimprinted genes was comparable to that of
the control group, the placental sizes were still much larger for clones.  

These results must be considered carefully; the control group used in this study
was generated by IVF. As mentioned earlier, some of the physical manipulations
and exposure to 

 

in vitro 

 

culture media are not without side effects; thus, the IVF
“control” group may not be the ideal group to which to compare cloned mice. 

 

1.6 GENOMIC IMPRINTING 

 

Aberrant patterns of DNA methylation and expression of imprinted genes have been
documented in cloned embryos and progeny in mice regardless of donor cell type
[22,23,36–39]. It is interesting that methylation and imprinted gene expression in
extraembryonic tissues also have been found to be susceptible to defects [28,37].
Each cloned animal has a different DNA methylation pattern and the extent of hyper-
or hypomethylation varies among individuals [39]. Therefore, it is difficult to con-
clude whether any single area is more susceptible.

 

1.7 ABNORMALITIES IN NEWBORN CLONES

 

Intrauterine death prior to birth, developmental retardation, and umbilical hernia are
common in cloned mice [34]. A high percentage of cloned pups succumb to respi-
ratory failure at birth [21,26,40]. The reasons for this are currently unclear. Other
developmental defects, such as open eyelids at birth [41] (Figure 1.3), have been
noted. Birth weight of newborn clones was not different from that of pups derived
by IVF or round spermatid injection (ROSI); however, no STOCK control was
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included in this study [34]. Increased birth weights of cloned and IVEM mice relative
to STOCK control mice [13] have been observed; these observations are consistent
with those in cloned and in vitro manipulated cattle and sheep [42].

Despite the high incidence of pre- and perinatal death of cloned mice, some
comprehensive studies have been conducted to examine postnatal development,
behavior, and phenotype of cloned mice as discussed next. Although ES cells have
been used in many nuclear transfer studies, most studies of the long-term conse-
quences of cloning on the phenotype of offspring have been conducted using mice
derived from nuclear transfer of somatic cell nuclei. Therefore, this review will focus
on cloned mice derived from adult somatic cells. 

 

1.8 PREWEANING DEVELOPMENT OF CLONED MICE

 

The development of female cloned mice was assessed using the Fox battery of
developmental milestones [43]. This battery consists of a set of behaviors, each
of which appears at different timepoints throughout neonatal development. No
differences were found in these preweaning developmental assays, with the excep-
tion of negative geotaxis, ear twitching, and eye opening [44]. Although the
appearance of these milestones was delayed in cloned mice compared to controls,
the mean day of appearance fell well within the range established for normal mice.
Furthermore, the cloned mice performed comparably to control mice in subsequent
behavioral tests and were not adversely affected by the delayed appearance of
those milestones.

 

FIGURE 1.3

 

Developmental defects in clones. Cloned mouse pup born with open eyelids.

 

TF4006_C001.fm  Page 7  Thursday, June 9, 2005  9:01 AM

Copyright 2006 by Taylor & Francis Group, LLC



 

8

 

Epigenetic Risks of Cloning

 

1.9 BEHAVIOR OF CLONED MICE

 

A well-characterized and widely used task, the Morris water maze, was used to
evaluate learning and memory of cloned mice [45]. Clones and IVEM controls
successfully completed the task, finding the submerged platform with a shorter
latency over consecutive days of testing. Additionally, no differences were observed
between the groups, suggesting that both groups were able to use information
obtained from previous trials to find the platform faster on subsequent days. 

Results also showed that both groups were employing a spatial learning strategy
as indicated by the increased amount of time spent in the quadrant where they had
been trained to find the platform. Furthermore, when the position of the submerged
platform was changed, the cloned mice navigated to the new platform position and
found it with a shorter latency than during the initial acquisition trials. Together,
these results suggest that cloned mice are capable of completing a spatial learning
task and do not have deficits in learning and memory, at least through 3 months of
age [44].

Cloned mice have normal diurnal activity patterns as measured by home cage
activity that does not differ from that of IVEM control mice at any of the time points
examined [44]. Additionally, motor skills and abilities of the clones were assessed
and no deficits were found in motor coordination, muscle strength, or balance [44].
In sum, cloned mice appear to develop reflexes and other behaviors at the same ages
as normal mice and to have normal motor control and coordination.

Taken together, these behavioral data suggest that cloned mice are not signifi-
cantly different from control mice from birth through 6 months of age. Longitudinal
studies of behavior over the entire life span of cloned mice have yet to be conducted
to determine whether cloning has long-term consequences on offspring behavior.
Indeed, some studies have reported indications of premature aging in cloned sheep
[46] and shorter life spans in cloned mice [47]; whether behavioral deficits occur in
concert with these observations remains to be determined. Multiple generations of
cloned mice have been examined and no significant deficiencies in any of the
developmental or behavioral measures described earlier have been noted [31]. 

 

1.10 AGING AND LONGEVITY

 

The use of differentiated adult somatic cells for cloning calls to question the actual
age of a cloned animal. Previous studies have examined telomere lengths as an
indirect measure of aging in cloned animals. Progressive shortening of telomeres
during DNA replication and cell division has been associated with cellular aging or
senescence [48]. Sheep were reported to have shorter telomeres suggestive of pre-
mature aging [46] and cattle had age-appropriate [49,50] or longer telomeres [51].
Similarly, cloned pigs have telomere lengths comparable to their age-matched con-
trols [52]. The variation of these findings in cloned animals suggests that cloning
has different consequences in different species and even within a species. 

As discussed earlier, cloned mice do not show behavioral deficits or signs of
premature aging [31,44,53]. To further investigate aging in cloned mice, Wakayama
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et al. successfully generated four and six generations of cloned mice in two inde-
pendent lines; i.e. clones derived from clones [31] (Figure 1.4). 

If mice cloned from adult somatic cells have short telomeres, serial generations
of cloned mice should have telomeres that become progressively shorter. Behavior-
ally, the six generations of cloned mice did not exhibit signs of premature aging.
Telomere lengths were also analyzed in this experiment to provide a molecular
measure of aging. Consistent with the behavioral results, no telomere shortening
was observed. In fact, telomere size increased with each successive generation [31].

A possible explanation for this occurrence involves the enzyme telomerase,
which functions to elongate the ends of telomeres and thereby stabilizes and protects
the ends of chromosomes during DNA replication and cell division. Although telo-
merase is not expressed in most somatic cells, telomerase activity was detected in
cumulus cells (the donor cells used in these experiments) and suggests that cumulus
cells may have longer telomeres to begin with compared to other somatic cells. 

In contrast to behavioral and telomere data in cloned mice, Ogonuki et al.
reported that male B6D2F1 mice cloned from immature Sertoli cells were prone to
early death [47]. The high mortality rate in that study was attributed to higher
susceptibility to conditions and diseases, mainly pneumonia and hepatic failure,
stemming from reduced immunological function. Immunosuppression has also been
reported in cloned cattle [54] and goats [55], suggesting that this condition is not
unique to cloned mice. The observations by Ogonuki et al. were restricted to the
B6D2F1 mouse strain; 129/Sv and 129 X JF1 Sertoli cell clones did not exhibit the
same fate [34], suggesting that early pneumonia-associated death of B6D2F1 Sertoli
cell clones was perhaps strain dependent.

Previous studies indicate that telomere shortening may contribute to immuno-
logical dysfunctions in mice [56]. Telomere lengths were not measured in the

 

FIGURE 1.4

 

Success rate of sequential cloning. Successive generations of cloned mice are
represented as G1, G2, and so on for two independent mouse lines, A and B. Success rate is
expressed as the ratio of the number of live born pups after cumulus cell nuclear transfer to
the number of successfully reconstructed oocytes. (Adapted from Wakayama, T. et al., 

 

Nature

 

,
2000. 407(6802): 318–319.) 
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Ogonuki experiment; however, given the degree of variability found in telomere
lengths among cloned cattle [49,51,57,58] (which may be dependent upon the donor
cell type), it is plausible that the mice in this particular experiment had shortened
telomeres leading to premature immune insufficiency.

The variability of results between these studies suggests that longevity in cloned
mice warrants further investigation. The female B6C3F1 cloned mice involved in
the behavioral studies described earlier did not die prematurely [53]. In fact, the first
cloned mouse, Cumulina, lived for over 2.5 years, a very decent age for a mouse
with a 2-year expected lifespan [59]. The longevity of cloned mice may depend on
multiple factors, including mouse strain, donor cell source, and age, as well as the
technician’s skill [19].

 

1.11 BODY WEIGHT AND OBESITY

 

Several studies now have reported increased body weight in cloned animals, prima-
rily in mice (Figure 1.5) [13,34,44]. Cloned mice derived from adult cumulus cells
have higher body weights and have been found to exhibit characteristics consistent
with obesity. Food intake measures showed that cloned mice are not hyperphagic
as adults on standard rodent chow [13]. However, whether clones were hyperphagic
prior to the onset of obesity at adulthood is not known. Preliminary data also suggest

 

FIGURE 1.5

 

Body weight of cloned mice, IVEM, and F2 offspring. * 

 

P

 

 < 0.05 vs. IVEM
and F2; ** 

 

P

 

 < 0.05 vs. F2. Inset: comparison of body weight of clones, IVEM, and F2 to
age-matched background stock mice at 14 to 20 weeks of age. * 

 

P 

 

< 0.05 vs. IVEM, F2, and
stock; ** 

 

P 

 

< 0.05 vs. stock. (Adapted from Tamashiro, K.L. et al., 
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that clones may have higher metabolic efficiency (weight gain per gram of food
consumed) because they do not eat significantly more food per gram of body weight
than IVEM or STOCK controls, but continue to gain more weight than controls.
Energy expenditure has not been measured in cloned mice and it is possible that it
is lower in clones prior to weight gain.

When clones were challenged with an acute hypocaloric challenge, 24-h food
deprivation, they lost the same percentage of body weight as STOCK and IVEM
controls. When allowed to refeed, clones responded by increasing their food intake
similarly to controls, thus indicating that they defend their body weight in a similar
fashion [13]. Although adult cloned mice were significantly heavier than their age-
matched controls, this does not imply that they are necessarily obese. Body com-
position analysis revealed that clones had higher body fat compared to controls —
almost twice as much; the percentage of lean body mass did not differ among the
groups [13]. Consistent with this, cloned mice were also hyperleptinemic and hyper-
insulinemic [13]. These data therefore demonstrate that the increased body weight
in cloned mice can be associated with an increased percentage of body fat and that
cloned mice are indeed obese and exhibit hormonal characteristics consistent with
this condition [13] (Figure 1.6).

Examination of possible mechanisms responsible for the development of obesity
in cloned mice has begun. Because some animal models of obesity have deficiencies
in the melanocortin system, the functioning of this system in adult cloned mice was
assessed. Administration of MTII (100 nmol per animal), a synthetic melanocortin
agonist, significantly suppressed food intake in cloned mice but not in controls [13].
This result is striking because each animal received the same amount of MTII
regardless of body weight. Therefore, because clones are heavier than controls, they
received a lower dose of MTII on a milligram per kilogram basis. Cloned mice were
also more sensitive to the anorexigenic effect of exogenous leptin (5 

 

µ

 

g/g body
weight) [13]. These data suggest that the obesity in cloned mice cannot be solely

 

FIGURE 1.6

 

Cloned and control mice. An adult female B6C3F1 cloned mouse (pictured on
the right) and representatives of control groups, STOCK (foreground), and IVEM (top left).
(Adapted from Tamashiro, K.L. et al., 

 

Nat. Med

 

., 2002. 8(3): 262–267.)
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attributed to deficits in the leptin–melanocortin system. If anything, the clones have
a more sensitive melanocortin-signaling system and obesity must be due to other
mechanisms.  

The majority of the studies summarized thus far have been in female B6C3F1
cumulus cell clones. It is important to point out that increased body weight and
obesity in cloned mice is independent of the donor cell type (cumulus cell, fetal
neuron, fibroblast, or Sertoli cell); strain of mouse (B6D2F1 and B6C3F1); and
gender. Female B6D2F1 cumulus cell clones [13,53] also exhibit the increased body
weight phenotype. Male mice are also similarly affected regardless of donor cell
source, fetal neuron (Table 1.1) or immature Sertoli cell [34], and strain [B6D2F1
(Table 1.1) or B6129] [34]. Mice that are cloned from ES cells have significantly
increased placental and birth weights [40,41]; however, their adult weights were not
reported.

Obesity in other species has not been reported; however, the mouse has a much
shorter life span compared to larger ruminants and thus increased body weight may
not yet be evident in other cloned species. It is also important to point out that
laboratory mice are maintained on standard rodent chow throughout the experimental
periods, but livestock may be maintained on diets of varying nutrient composition.

Serial cloning of mice may enhance subtle changes resulting from nuclear
transfer. To address this possibility, up to six generations of cloned mice were
generated [31]. Postnatal development and behavioral characteristics in six genera-
tions of clones were not different from controls nor were they different between
generations of cloned mice [31]. The obese phenotype is maintained, but not
enhanced, in successive generations of mice [31]. Interestingly, when a cloned female
was mated with a cloned male or a wildtype male, the obese and placental hyper-
trophy phenotypes were not passed on to the resulting offspring [13]. Likewise,
mating of mice cloned from ES cells produced offspring that did not display the
phenotypic abnormalities that their cloned parents displayed, including placental
hypertrophy and open eyelids at birth [41]. Together, these data suggest that an
epigenetic mechanism may cause aberrant imprinting and/or reprogramming and be

 

TABLE 1.1
Body Weight and Body Composition of Male 
B6D2F1 Mice Cloned from Fetal Neurons

 

Age-Matched Control
(

 

n

 

 = 5)
Clone
(

 

n

 

 = 5)

 

Terminal body weight (g) 41.4 

 

±

 

 0.8 56.5 

 

±

 

 0.9

 

a

 

% Fat tissue 5.9 

 

±
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±
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a

 

% Lean tissue 37.6 

 

±

 

 0.9 39.4 

 

±

 

 3.5
% Water 56.5 

 

±
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 < 0.05.
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responsible for the altered phenotypes [13,41] and that these alterations are corrected
during gametogenesis.

 

1.12 DISCUSSION AND CONCLUSION 

 

Several studies documenting the phenotype of cloned mice have been discussed.
The overall conclusion that can be drawn from these studies is that cloning is not
without side effects that, in some cases, can be serious enough to threaten and
compromise the health and survival of cloned offspring. In addition, some aberrations
may be evident immediately in newborn clones; however, the results of several
studies now suggest that abnormalities may not be manifest until adulthood. In the
mouse, this translates into weeks or months, but in the case of domestic species with
longer life expectancies, this spans several years. These studies should ideally be
conducted in all cloned species; however, this is not always cost effective and
feasible. The mouse is an excellent model to use in exploring the long-term conse-
quences of cloning. 

Systematic longitudinal studies of the phenotype of cloned animals must include
appropriate control groups. As more investigators include “manipulated” control
groups, it is becoming more evident that 

 

in vitro 

 

culture and manipulation alone can
produce undesirable side effects in offspring. The effects of these procedures must
be studied carefully because the results will have consequences on the use of assisted
reproductive techniques as well.
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2.1 INTRODUCTION

 

In the past, it was considered impossible to produce cloned animals derived from
differentiated somatic cells. However, since the birth of a cloned sheep [1], successful
cloned animals have been reported in mice [2], cattle [3], goats [4], pigs [5,6], cats
[7], rabbits [8], mules [9], horses [10], rats [11], and deer (press released). Before
cloned animals derived from somatic cells, blastomeres from undifferentiated early
stage embryos were mainly used as the nuclear donors. With the animal species
mentioned here, embryo clones had been produced from embryos of different early
stages.

However, the success rate of embryo clones has been extremely low in pigs.
Until recently, there had been only one case of the piglet produced from a blastomere
of a four-cell stage embryo [12]. One of reasons for the very low success rate is that
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intensive research had not been undertaken, mainly because the pig industry did not
need to develop embryo-cloning technique for the production of large numbers of
genetically superior breeding lines. Another reason is the technical difficulties arising
from the unique reproductive characteristics in pig. Unlike in other animals, multiple
embryos are needed to establish and maintain pregnancy in sows [13].

Pigs have played an important role in meat production. Recently, new applica-
tions of pigs outside animal industry are drawing attention, especially in the bio-
medical field. Pig organs are expected to be used as human organ replacements in
the face of the serious shortage of human organs for transplantation [14,15]. The
use of pigs as modeling animals is also gaining ground; for example, they are useful
models for studying arteriosclerosis [16]. Thus, the application of pigs in biomedical
fields is expanding. To modify pigs desirable to use in biomedical field, a combina-
tion of transgenic and cloning technologies is indispensable. This review will discuss
the present status of pig cloning and its application.

 

2.2 CLONING PIGS

2.2.1 D

 

ONOR

 

 C

 

ELL

 

 T

 

YPE

 

 

 

AND

 

 S

 

TAGE

 

 

 

OF

 

 C

 

ELL

 

 C

 

YCLE

 

Fetal fibroblasts are generally used as donor cells in pig cloning. Cumulus cells and
adult cells derived from heart, kidney, oviduct, skin, and ear were also successful
for production of cloned pigs. However, it is still unclear which cell type is the most
successful for cloning; fetal cells have been preferred because the reverse of chro-
matin status is believed to be easier in fetal cells than in adult cells. 

Quiescent donor cells arrested in G0/G1 phases of cell cycle have been com-
monly used for production of cloned pigs. Serum starvation and growth arrest when
cultured cells reach confluence are usual methods for synchronization in G0/G1 cell
cycle stage. When a nucleus at G0 stage is introduced into an enucleated oocyte
with high levels of maturation promoting factor (MPF), the nuclear membrane
disappears and premature chromosome condensation (PCC) occurs. For maintaining
the chromosome in the diploid state, the release of pseudopronuclei out of cytoplasm
should be suppressed by substances such as cytochalasin B after activation. 

Recently, a cloned pig was obtained by using colchicine-treated somatic cell
nuclei as donors [17]; 70.5% in colchicine-treated cells were in G2/M phases. The
cell nucleus of the M stage has sister chromatids and the nuclear membrane has
already disappeared. Thus, PCC formation by MPF is not necessary. The DNA
content of the M stage cell is 4C and half of the pseudopronuclei must be released.

 

2.2.2 S

 

OURCE

 

 

 

OF

 

 O

 

OCYTES

 

Unfertilized oocytes at the MII stage have been used as recipients of donor nuclei.
Usual hormone treatments as injections of equine chorionic gonadotropin (eCG) and
human chorionic gonadotropin (hCG) are successful for collection of ovulated
oocytes from prepubertal pigs. It is difficult to synchronize estrus in matured pigs
by injection of hormones solely, so the oral administration of synthetic progestin,
such as Regu-mate or altrenogest, has been combined with subsequent hormone

 

TF4006_C002.fm  Page 18  Thursday, June 9, 2005  9:07 AM

Copyright 2006 by Taylor & Francis Group, LLC



 

Cloning Pigs from Somatic Cells and its Applications

 

19

 

treatment [18]. Regu-mate is effective for synchronization of estrus in matured pigs,
but is an unauthorized medicine in Japan. Therefore, another method was chosen
for synchronization; this is induced after abortion by injection of prostagladin F

 

2

 

α

 

analog into early pregnant pigs [19]. This method is very reliable for collection of
oocytes and can be adapted to preparation of surrogate mothers for embryo transfer.

For pig nuclear transfer, a large number of oocytes is required; however, direct
collection of matured oocytes from pigs is very expensive. Thus,

 

 in vitro

 

 matured
oocytes are preferred in many cases [20]. These oocytes are prepared by collecting
immature oocytes from abattoir-derived ovaries and allowing them to mature 

 

in vitro

 

.
This method offers the advantage of a stable supply of much larger numbers of
oocytes than when they are taken from live animals. In fact, the 

 

in vitro

 

 matured
technique of bovine oocytes is well established; therefore, such oocytes are widely
used for cloning procedures in cattle. With pigs, however, the developmental poten-
tial of oocytes matured 

 

in vitro

 

 is lower than that of 

 

in vivo

 

 matured oocytes [21,22].
Furthermore, because the ovaries are obtained from an abattoir, sufficient precaution
must be taken regarding infectious diseases like Aujeszky’s disease and porcine
respiratory and reproductive syndrome (PRRS). 

It is considered that the cytoplasm of the oocytes with high levels of MPF activity
is one of the factors inducing reprogramming. When nuclei of somatic cells are
transferred into enucleated MII oocytes with high levels of MPF activity, cloned
offspring can be obtained. In contrast, activated MII oocytes, in which the activity
of MPF was decreased, cannot support the development of embryos reconstructed
with somatic cells. MI oocytes before ovulation also have high levels of MPF activity.

It was expected that use of MI oocytes would improve the developmental ability
of nuclear transfer embryos in pigs because cytoplasm of MI oocytes was able to
expose donor nucleus to high levels of MPF for a longer time than MII oocytes [23].
However, the rate of blastocyst formation in reconstructed embryos with MI oocytes
was significantly lower than that of embryos reconstructed with MII oocytes. Other
cytoplasmic factors during maturation of oocytes are necessary for maximal devel-
opment of embryos.

 

2.2.3 E

 

NUCLEATION

 

Because it is difficult to observe the nucleus in pig oocytes, removing chromosomes
is generally carried out by aspirating the first polar body with a small amount of
surrounding cytoplasm. The success rate of this “blind enucleation” method is about
80% in the author’s laboratory. Recently, a chemically assisted enucleation procedure
was reported in pigs [24]. The treatment of MII oocytes with demecolcin results in
a membrane protrusion containing condensed chromosomes. More than 70% of
oocytes were able to identify the protrusion and the subsequent enucleation rate was
very high (93%) by mechanical removing. 

 

2.2.4 N

 

UCLEAR

 

 T

 

RANSFER

 

 

 

AND

 

 A

 

CTIVATION

 

Nuclear transfer in pigs can be accomplished by two methods: one is direct injection
of donor nuclei into enucleated oocytes and the other is fusion of donor cells with
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enucleated oocyte by electrical pulses. Both methods can work and deliver live
offspring. Timing of oocyte activation is important for the development after nuclear
transfer. The matured oocytes, which have already spent some hours by embryo
manipulation, are easily activated in pigs. On the other hand, other species, such as
cattle oocytes, are difficult to activate by only adding electric pulses and thus
chemical activation is generally utilized.

The microinjection method — namely, the introduction of the nucleus into the
cytoplasm — can be performed without activation of the oocyte. This enables
sufficient exposure of the somatic cell chromosome to the oocyte cytoplasm. In the
electrofusion method, if simultaneous fusion and activation of the oocyte occurs,
there is the risk of embryogenesis starting before the somatic cell chromosome has
sufficient exposure to the oocyte cytoplasm. Polejaeva et al. [6] undertook serial
nuclear transfer, in which the first nuclear transfer was conducted by electrofusion
of an enucleated unfertilized oocyte and a somatic cell at G0. Subsequently, the
nucleus was removed from the first reconstructed embryo and retransferred to an
enucleated fertilized oocyte. It can be suggested that the two-stage serial nuclear
transfer adequately adjusted the time gap between reprogramming of the nucleus
and embryogenesis.

The major disadvantage of the serial nuclear transfer is that the process is very
complicated and laborious. At present, usual one-step nuclear transfer has been
conducted widely by using electrical pulses for fusion and activation, respectively.
Thus, some laboratories prefer using the medium lacking in Ca

 

2+

 

 for fusion of cell
nuclei into oocytes and subsequent activation was carried out in the medium with
Ca

 

2+

 

 [24].

 

2.2.5 M

 

ICROINJECTION

 

 M

 

ETHOD

 

 

 

Figure 2.1 is the flow diagram of the procedure used in the author’s laboratory for
cloning pigs by the microinjection procedure. The Meishan donor cells that reach
confluence are left in the same medium without replacement for about 2 weeks to
synchronize in G0/G1 phase. The unfertilized oocytes are collected from the oviducts
of hormone-treated Landrace pigs 45 h after injection of hCG. In the case of 

 

in vitro

 

matured oocytes, the oocytes are matured for 41 to 43 h before enucleation. The
enucleation is carried out by aspirating the first polar body with a small amount of
cytoplasm into a glass pipette fitted to a piezo-actuated micromanipulator in the
medium containing cytochalasin B.

After enucleation, the donor cell is aspirated into a glass pipette with a diameter
smaller than the cell to rupture the cell membrane, and the nucleus is directly injected
into the cytoplasm of enucleated oocyte. The piezo-actuated micromanipulator
greatly improves the efficiency and success rate for enucleation and injection of the
nucleus. The reconstructed oocytes are cultured for 1 to 2 h and activated by adding
an electric pulse in the medium containing Ca

 

2+

 

. To suppress release of the second
polar body (pseudopronuclei), activated oocytes are cultured for 2 h in the medium
containing cytochalasin B. They are then switched to the normal culture.

After about 40 h of culture, embryos developed at two- to four-cell stages are
transferred into the oviduct of surrogates whose estrus has been synchronized by
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hormone treatment after the induced abortion. Because the nuclear transfer embryos
are generally of a low quality, it is recommended that a large number (>100) of
embryos be transferred per surrogate. Because at least four fetuses are required for
successful pregnancy in pigs, when the number of nuclear transfer embryos is under
30, the author usually cotransfers four fertilized embryos at the same stage for
keeping pregnancy. 

Many laboratories have tried to repeat the microinjection method in mice, but
so far only a few laboratories have succeeded. Mice oocytes are easily damaged by
micromanipulation and this weakness is a factor of the difficulty in mice cloning.
Conversely, pig oocytes are rather durable for the microinjection method. For exam-
ple, in mice cloning, the pipette should be filled with mercury or fluorinert for
obtaining reliable controls, but an ordinary beveled pipette without mercury is
enough for pig cloning. Another advantage of the microinjection is that it requires
much shorter time to complete the procedure than the electrofusion method does. 

 

2.3 FUTURE PROSPECTS AND PROBLEMS

2.3.1 C

 

ONSERVATION

 

 

 

OF

 

 G

 

ENETIC

 

 R

 

ESOURCES

 

The technology of somatic cell cloning is expected to be applicable to the animal
industry, such as increased production of superior breeding stock and conservation

 

FIGURE 2.1

 

Pig cloning by microinjection method.
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of genetic resources. In pigs, it has a great significance as a part of the technology
for conserving genetic resources. This is because, unlike in cattle and mice, the
cryopreservation of germ cells — embryos in particular — has not been well
established in pigs [25]. Therefore, genetic improvements through embryo transfer,
as are done in cattle, are currently not possible with pigs.

For instance, the genetic improvement of closed genetic herds must be carried
out while preventing the increase of inbreeding coefficient. Pig is very weak for
inbreeding depression and the maintenance of closed genetic herds would be ulti-
mately impossible unless a technology for conserving genetic resources is available.
Moreover, transgenic pigs have recently become a reality and the methods for
conserving them are indispensable. Cryopreservation technology for porcine
embryos has definitely shown some advancement in recent years [26]. Somatic cells
that can be easily cryopreserved should also be considered for conservation of
species. 

 

2.3.2 T

 

RANSGENIC

 

 C

 

LONED

 

 P

 

IGS

 

Specific genetic modification by transgenic technology can be applied to various
fields. The genetic modification would contribute to improvement of some traits
such as growth rate and feed efficiency in pigs. Production of modeling animals to
human pathology and biomedical products for human therapy would be possible by
transgenes. Thus, a combination of transgenic technology with somatic cell cloning
has rapidly started. 

The first success of a transgenic cloned animal was reported in sheep [27].
Transgenic cloned pigs were first produced from cultured skin fibroblast cells
derived from a 4-month-old H-transferase transgenic male in 2001 [28]. In the same
year, a reporter protein: the enhanced green fluorescent protein (EGFP)-expressed
cloned pigs were produced from 

 

in-vitro

 

 transfected fetal fibroblast cells [29]. To
transduce the fibroblasts, a replication-defective retroviral vector was used. The
author’s laboratory also established the EGFP-expressed fetal fibroblast cells after
transfection with a nonretroviral vector, pCAGGS expression vector. Subsequently,
EGFP-expressed pigs were produced by nuclear transfer using the transfected cells
(Figure 2.2).

Microinjection of DNA directly into pronuclea of zygote has been used for many
years to produce transgenic pigs. However, the efficiency of transferring genes into
pigs is quite low — under 1% [30]. Even though transgenic pigs were produced by
the microinjection method, variable transgene expression patterns and uncertain
transmission into the germ line cannot be avoided. The technology of somatic cell
cloning has the advantage in this respect. The integration of gene and level of gene
expression can be confirmed and screened in the cultured cells after gene transfer,
and it can improve the efficiency of transgenic animals through nuclear transfer
using such genetically modified cells. Actually, the author’s results showed that all
cloned pigs derived from the transfected cells showed expression of EGFP (unpub-
lished data). The certainty of obtaining transgenic animals is especially important
for livestock because the period of pregnancy is much longer and the cost per animal
is so expensive in livestock compared to mice. 
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The great advantage of production of cloned animals from cultured cells is the
opening of the possibility of gene targeting in livestock. Precise gene targeting
(mainly for gene disruption by homologous recombination) is achieved in mice using
pluripotent embryonic stem (ES) cells. Stable and reliable ES cells are not available
in any domestic animals, including pigs, despite considerable efforts to isolate them.
The lack of ES cells was a big barrier to gene targeting in livestock.

The first gene-targeted cloned livestock succeeded in sheep inserted with the
human 

 

α

 

-1-antitrypsis (hAAT) gene into highly expressed but untransrated locus in
donor fibroblast cells [31]. hAAT is a candidate protein for human therapy that
inhibits inflammatory response caused by excessive destruction of connective tissue.
The vector was constructed to be able to produce hAAT in the milk of transgenic
sheep. This gene-targeting strategy is to gain a new function by specific insertion
of a transgene rather than deletion of endogenous coding sequence. In pigs, it was
focused on controlling the antigen–antibody reaction of pig organs for transplanta-
tion in humans. 

 

2.3.3 C

 

LONING

 

 P

 

IGS

 

 

 

FOR

 

 X

 

ENOTRANSPLANTATION

 

 

 

Because organs of pigs are biologically and anatomically similar to human organs,
porcine organs are expected to be used as replacements for human organs, which
are chronically in short supply. The major problem with xenotransplantation of

 

FIGURE 2.2

 

Transgenic cloned pig showing EGFP expression in the snout and hooves.
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porcine organs into humans is the hyperacute rejection caused by the reactions
involving natural human antibodies and the complement system.

The human decay-accelerating factor (hDAF) gene was transferred into pigs to
suppress the hyperacute rejection [32]. When the hearts and kidneys of these trans-
genic pigs were transplanted into monkeys and baboons, some survived for more
than 3 months [33]. However, many rejections occurred and long-term survival
cannot be expected. Currently, the work is focused on controlling the antigen–anti-
body reaction by knocking out the carbohydrate epitope on the surface of porcine
cells.

Almost all mammals, with exception of humans, apes, and Old World monkeys,
have a galactose-

 

α

 

(1,3)-galactose (

 

α

 

1,3Gal) epitope on the surface of all organisms.
It is believed that human natural antibodies against the 

 

α

 

1,3Gal epitope mainly cause
hyperacute rejection after xenotransplantation. Thus, elimination of the 

 

α

 

1,3Gal
epitope (encoded by the 

 

α

 

1,3GT gene) is expected to extend graft survival of pig
organs in primate recipients. Although ES cells are the best for elimination of the

 

α

 

-Gal epitope, these cells have not been established in pigs. In this respect, somatic
cell cloning can make major contributions. In 2002, two groups (Immerge BioTher-
apeutics Inc. and PPL Therapeutic Ltd.) succeeded in producing live cloned piglets
in which one allele (heterozygous) of the 

 

α

 

1,3GT gene had been disrupted [34,35].
It would take at least 1 year to produce both alleles (homozygous) of 

 

α

 

1,3GT
knocked-out pigs by natural mating, even if male and female heterozygous pigs
might be available at the same time. To speed up the process, both groups attempted
to disrupt the second allele by different selection processes. PPL group selected
heterozygous fetal cells with toxinA from 

 

Chrostridium

 

 

 

difficile, 

 

which has a cyto-
toxic effect on gal-positive cells [36]. One cell line was selected and survived by a
spontaneous T > G transversion at the second allele of the 

 

α

 

1,3GT gene. The
Immerge group selected heterozygous cells using an antibody against the 

 

α

 

1,3Gal
epitope [37]. The gal-positive cells are bound with the antibody and destroyed by
the following complement treatment. This method relies on the observation that
mitotic recombination occurs at a measurable frequency (approximately one in 10

 

–4

 

~ 10

 

–5

 

) in primary fibroblasts [38]. Mitotic recombination resulted in the loss of
heterozygosity (LOH) at the second allele of the 

 

α

 

1,3GT gene.
Subsequently, both groups succeeded in producing 

 

α

 

1,3GT-deficient pigs by
nuclear transfer. The results of kidney and heart transplantation of 

 

α

 

1,3GT-deficient
pigs into baboon were reported (oral abstracts) during the seventh congress of the
International Xenotransplantation Association held in Glasgow in 2003. The longest
survivals in kidney and heart transplantation were 81 days and 62 days, respectively.
These results could not exceed the survival period recorded by the conventional
hDAF transgenic pigs. Although hyperacute rejection was suppressed by the elim-
ination of the 

 

α

 

1,3Gal epitope, delayed xenograft rejection should be solved by
further work. 

Another factor that cannot be ignored when transplanting porcine organs into
humans is infectious disease caused by the porcine endogenous retrovirus [39,40].
The disease does not develop when the virus spreads from one pig to another, but
its effect when transmitted to humans is totally unknown. Studies on pig-to-human
xenotransplantation would also be important in the light of the serious shortage of
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human replacement organs for transplantation. However, practical use of porcine
organs will be difficult unless the problems related to the endogenous porcine virus
are overcome.

 

2.3.4 A

 

BNORMALITIES

 

 

 

IN

 

 C

 

LONED

 

 P

 

IGS

 

Somatic cell clones of sheep and cattle show high percentages of stillbirths, miscar-
riages, and malformation of fetuses. They have high postnatal mortality and a higher
incidence of placental abnormalities [3,27,42–43]. Pigs cloned from somatic cells
have less abnormality. The birth weights, placenta weights, and growth rates were
normal in cloned pigs [44]. The author’s cloned pigs also showed normal growth
rates and reproductive performances (unpublished data). No abnormalities were
detected with the immune system of cloned pigs [44].

Sudden death before weaning is very difficult to analyze in cloned pigs because
even 5 to 25% of piglets derived from usual mating die between births and weaning
on a normal pig farm [45]. However, a high incidence of death was observed in
EGFP-expressed cloned pigs. Carter et al. [44] reported that five of ten EGFP cloned
piglets died. The author’s data showed that seven of eight EGFP-expressed cloned
piglets died before weaning (unpublished data). Mice believed to be homozygous
for the GFP gene emitted a stronger GFP fluorescence and showed growth retardation
and unexplained death before sexual maturation [46].

EGFP, the color variant of GFP, shows greater fluorescence and stability com-
pared with the original GFP and may have a deleterious effect on these animals. To
take advantage of these technologies, the technique of cloning pigs needs to become
more reliable. Making this technique more precise and reliable is a task for the future.

 

2.4 CONCLUSION

 

From the first success of cloned pigs from somatic cells in 2000, it took Immerge
BioTherapeutics Inc. and PPL Therapeutic Ltd. only 2 years to produce 

 

α

 

1,3GT
knocked-out pigs. The recent progress in cloning pigs combined with transgenic
technology is remarkable. However, these innovative companies are closed now. It
seems that practical use of cloned pigs for the biomedical industry is too early.
Further research is needed for the application.
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3.1 BACKGROUND

 

Amphibians are the animals in which cloning was first achieved in multicellular
organisms. The history of cloning up till the present time has been recently reviewed
[1]. Briggs and King [2] were the first to produce normal larvae by transplanting
nuclei from early embryos into enucleated eggs. Their work suggested that, as cells
differentiate, they lose their ability to promote normal development of eggs. How-
ever, soon after the work of Briggs and King, experiments with Xenopus showed
that even the nuclei of differentiated intestinal cells could elicit the formation of
normal adult male and female frogs [3]. This established the principle that cell
specialization does not necessarily require any stable loss of genes or genetic activity.

In all nuclear transplantation experiments in amphibia and in mammals, it has
been found that, as cells specialize, their nuclei become less efficient at being
successfully transplanted to enucleated eggs to yield normal development. The
reason for this is still not known. The two major conclusions from the first half-
century of nuclear transplantation are that the genome is conserved during cell
differentiation and that egg cytoplasm can reprogram gene expression in somatic
cell nuclei.

Soon after nuclear transplantation was successful in amphibia, interest arose in
trying to decipher the mechanisms that might be responsible for the remarkable
changes that take place. As assays for gene expression were developed, it became
clear that transplanted nuclei adopt, very largely and very quickly, the pattern of
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gene expression characteristic of early embryos. This was true for major classes of
gene expression such as ribosomal RNA and tRNA and, of course, for the frequency
of DNA synthesis [4]. Only more recently, when quantitative assays of individual
gene expressions can be carried out, has it become clear that nuclear transfer embryos
often misexpress genes quantitatively [5]. Immediately after transplantation to egg
cytoplasm, somatic cell nuclei undergo an enormous enlargement and dispersal of
chromatin, coming thereby to resemble egg and sperm nuclei after fertilization.

Because the genome is conserved during development, it must be possible, in
principle, to reverse the epigenetic state of a somatic nucleus. The key advance
required is to understand the molecules and mechanisms of reprogramming. If this
can be done, we can look forward to the prospect of efficiently generating rejuvenated
cells for replacement.

 

3.2 DIRECTIONS FOR FUTURE RESEARCH

3.2.1 O

 

OCYTES

 

 

 

AS

 

 R

 

ECIPIENT

 

 C

 

ELLS

 

It is important to appreciate that, in amphibia, gene transcription does not start after
fertilization until the mid-blastula transition; this is at the 4000-cell stage, 5 h after
nuclear transfer. Therefore, the reprogramming of gene expression may not take
place until this stage, and recipient eggs (as opposed to blastulae) may not necessarily
have any reprogramming activity. It may even be that the 12 cell cycles between
nuclear transfer and the mid-blastula stage may be important in diluting out the
epigenetic state of a somatic nucleus.

For this reason, oocytes have come to be used as recipients for nuclear transfer.
An oocyte is defined as a growing egg cell at the diplotene stage of first meiotic
prophase. Multiple somatic cell nuclei can be injected into an oocyte; these nuclei
do not divide and neither does the oocyte. It became clear that somatic cell nuclei
must be injected into the germinal vesicle of the oocyte.

Under these conditions, injected nuclei undergo enlargement; they increase their
rate of RNA synthesis and new genes are expressed. They therefore undergo repro-
gramming, as they do when transplanted to eggs, but they do so without nuclear
division. It is important to know what reprogramming molecules and conditions
exist in these recipient cells. Recently, it has been found that mammalian somatic
cell nuclei are reprogrammed when injected into Xenopus oocytes because they are
induced to express the stem cell marker gene oct4 [5].

Xenopus oocytes seem to offer a favorable opportunity for further analysis [6–8].
Current methods of molecular biology make it possible to analyze the methylation
state of the promoters of a gene. An obviously approachable question is whether the
mouse oct4 promoter is demethylated when mouse somatic cell nuclei are repro-
grammed in oocytes. If so, it is possible that an extract of oocytes could be prepared
that will carry out the demethylation 

 

in vitro

 

 and so lead to the identification of a
demethylase. If such can be identified, it may become possible to overexpress a
demethylase in mammalian somatic cells and thus at least initiate the reprogramming
process.
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In the long term, it may become possible to reprogram somatic cell nuclei
directly with egg or oocyte extracts. This assumes that proliferating cultures of
embryonic stem cells can be derived from reprogrammed somatic cells. Research is
currently proceeding in finding ways of directing embryonic stem cells into desired
directions of differentiation.

 

3.2.2 P

 

ERMEABILIZED

 

 C

 

ELLS

 

Hakelien [9] described the reversible permeabilization of cultured cells and the entry
of fractionated cell extracts into such cells. Remarkably, some of these cells resealed
and continued to grow, and at least a temporary change of gene expression was
observed. If this procedure can be made to be reproducible, this would open a
wonderful opportunity to create reprogrammed cells and to identify the reprogram-
ming molecules. From this point, it might be possible to proceed, as discussed earlier,
by making proliferating embryonic stem cells for replacement.

Compared to mammals — the only nonamphibian multicellular organism in
which nuclear transplantation has been successful— amphibia have the great advan-
tage of the amount of reprogramming cytoplasmic material available. For example,
a mature Xenopus female can contain 25,000 mature oocytes, and each oocyte is
4000 times larger than a mouse (or any other mammalian) egg. A very large number
of injected plasmid DNA molecules, up to 10

 

9

 

, are converted in a single oocyte
into actively transcribing chromatin [7]. Furthermore, the promoter region of any
desired gene, incorporated into a plasmid, can be mutated. These characteristics
make Xenopus oocytes especially suitable for a molecular analysis of nuclear
reprogramming.

The major interest in nuclear reprogramming will come from an understanding
of this process in mammals and humans. It seems likely that the reprogramming of
mammalian somatic cell nuclei and genes in Xenopus oocytes will reveal mecha-
nisms and molecules that apply to mammals, including humans. It will not be difficult
to find the human equivalent of Xenopus genes and thus to test the efficacy of
reprogramming molecules identified by the Xenopus route.
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4.1 OVERVIEW

 

The main purpose for developing cloning technology is to increase the efficiency of
embryo transfer technology. Artificial insemination and embryo transfer technologies
were developed for cattle breeding. Because ejaculated bovine semen can be diluted
200 times per ejaculation and semen is usually collected twice a week, more than
20,000 cows can be artificially inseminated each year by one bull.

Compared with the high efficiency of artificial insemination, the efficiency of
embryo transfer is limited because transferable embryos recovered from superovu-
lated cows are limited to approximately 20 per year. Thus, scientists engaged in
animal reproduction have developed various new technologies such as twinning, 

 

in
vitro

 

 maturation and fertilization, and freezing and sexing of embryos to increase
the efficiency of embryo transfer technology. Cloning is one such technology. This
chapter reviews past and present achievements and problems, mainly in cattle, but
also in other mammals.

 

4.2 CLONING BY EMBRYO SPLITTING

4.2.1 H

 

ISTORICAL

 

 A

 

SPECTS

 

Willadsen [1] reported the first identical twins produced by splitting precompaction
sheep embryos. Because the 

 

in vitro

 

 culture of sheep embryos at the two- to eight-cell
stage had not been established, Willadsen [1] developed a technique in which a pair
of separated blastomeres was inserted into an empty zona pellucida, embedded in agar
chips, and then temporarily cultured in ligated sheep oviduct. Several days later,
embryos that survived in agar chips were recovered and embryos that developed into
morula or blastocyst stages were transferred into final recipients to produce identical
twins. Such procedures were also used to produce identical twins in bovine [2].

Micromanipulation of precompaction embryos is laborious and temporary recip-
ients are necessary; therefore, simplified procedures were developed [3]. Monozy-
gotic twin bovine, sheep, goats, and rabbits have been successfully produced by
bisecting compacted morulae or blastocysts into halves using a fine glass needle or
metal blade [4]. The bisected halves are transferred directly to recipients shortly
after 

 

in vitro

 

 culture or after freezing and thawing.

 

4.2.2 S

 

UCCESS

 

 R

 

ATE

 

 

 

AND

 

 H

 

EALTH

 

 C

 

ONSEQUENCES

 

4.2.2.1 Halved Precompaction Embryos 

 

To split precompaction embryos into two halves, the zonae pellucidae of the embryos
are first mechanically removed and then blastomeres are separated into two groups
at a high success rate. Because the zona pellucida is necessary for the development
of 2- to 16-cell stage embryos to young, blastomeres are inserted into empty zonae
pellucidae, embedded in agar chips, and then cultured, mainly in sheep oviducts.
The recovery rate of embryos in agar chips is not usually high (40 to 91%, Table
4.1). The potential of separated blastomeres to develop into morulae or blastocysts
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is high and 28 to 50% of them develop to term (Figure 4.1) [1–7]. To date, clear
abnormalities or perinatal death of live bovine has not been reported. 

 

TABLE 4.1
Developmental Potential of Embryos Halved after 

 

In Vivo

 

 Culture

 

Recovery from 

 

Temporary Recipients

No. of Fetuses or Young/No. 
of Half Embryos Transferred 

 

(%) [Sets of Twin]

Species
Embryonic

Stage
Recovery

Rate

Developmental
Rate to

Morula/Blastocyst Fetuses Young References

 

Mouse 2-cell 40 70–91 – 23/80 (29) [6] 4
Rat 2-cell 77–81 68–78 – 43/154 (28) [9] 5
Sheep 2-cell 65 88 – 15/32 (47) [5] 1
Goat 2–4-cell 75 76 – 6/14 (43) [2] 6
Bovine 7–60-cell 91 92 21/28 (75) [10] – 2
Horse 2–8-cell 86 – – 5/10 (50) [2] 7

 

FIGURE 4.1

 

Production of monozygotic goat twins: a. set of twin embryos embedded in
agar; b. set of twin blastocysts released from agar after culture in goat oviduct; c. set of twins.
(From Tsunoda, Y. et al., 

 

Jpn. J. Zootech. Sci

 

., 55, 643, 1984. With permission.)

a b
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4.2.2.2 Halved Postcompaction Embryos

 

Embryos recovered from the uterus of superovulated cows can be cut into two halves
(Figure 4.2). Before bisection, the zonae pellucidae of embryos are removed in some
cases and bisected embryos are directly transferred to uteri of recipients. The success
rate for bisection is high and identical twins have been produced by embryo bisection
in rabbit, sheep, goat, pig, and bovine [8–16]. In some cases, the potential of bisected
embryos to develop into live young was high (Table 4.2). Arave et al. [15] reported
a large-scale embryo transfer study of bisected bovine embryos. They transferred
181 bisected embryos produced from 91 embryos; 92 of them (51%) produced
calves, including 26 identical twins. The pregnancy rate on day 60 after transfer of
bisected embryos was 57%, but 6% of pregnant females aborted before parturition.

 

4.2.2.3 Splitting into Fourths or More

 

Although monozygotic triplet heifer calves have been successfully produced by
separating an eight-cell embryo into four pairs and then culturing in ligated sheep
oviduct before transfer to recipients [2], the success rate is low. One healthy rhesus
monkey was produced from a quarter of an eight-cell embryo [17] and calves were
produced by bisecting a morula into quarters [18]. The production of quadruplets

 

FIGURE 4.2

 

Bisection of day ten bovine blastocysts: (a) before bisection and (b) after
bisection.

a

b
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might be more difficult compared with splitting precompaction embryos because
cells at the bisecting plane are likely to be damaged. If an eight-cell sheep embryo
is separated into single blastomeres and cultured in a ligated sheep oviduct, the
potential of one eighth of the embryo to develop into young is very low [19].

Because the timing of blastocyst formation is fixed for each species, a blastomere
of an eight-cell embryo will form blastocysts with no or a small inner cell mass at
the eight-cell stage after cell division three times. To overcome a small inner cell
mass cell number, Willadsen and Fehilly [20] aggregated a single blastomere of an
eight-cell sheep embryo with a four-cell embryo in which one blastomere had been
previously removed. This manipulation was based on the finding that the fast devel-
oping blastomere had a better chance to be located in the inner cell mass [21].
Willadsen and Fehilly [20] succeeded in producing five identical sheep. Triplet mice
were also produced by aggregating a blastomere of an eight-cell embryo with a
parthenogenetic four-cell embryo [22]. Cloning using similar procedures has not
been performed in bovine. 

 

4.2.2.4 Application under Commercial Situation

 

Splitting of bovine embryos has been used under commercial field conditions to
increase the production of calves by embryo transfer [23–25] (Table 4.3). Although
the final outcome is not clear, the pregnancy rates of bisected demi-embryos on days
50 to 90 were 50 to 59%, which is not different from that after transfer of intact
embryos. Leibo and Rall [23] collected 937 day-6 or day-7 embryos from 186
superovulated cows; 422 embryos were bisected into halves but 515 embryos were
transferred without bisection. They obtained 441 pregnancies after transfer of 842
demi-embryos (52%) and 291 pregnancies after transfer of 515 intact embryos

 

TABLE 4.2
Developmental Potential of Half Embryos Bisected at the 
Morula or Blastocyst Stage

 

No. of Fetuses or Young/No. of 
Half Embryos Transferred

 

(%) [Sets of Twin]

Species Embryonic Stage Fetuses Young References

 

Rabbit Morula – 31/162 (19) 8
Sheep Morula–blastocyst – 8/18 (44) [8] 9

Morula–blastocyst – 16/34 (47) [7] 10
Goat Blastocyst – 9/20 (45) [4] 11
Pig Morula–blastocyst – 14/79 (18) 12

Morula–blastocyst – 126/759 (17) [7] 13
Bovine Morula 15/28 (54) [6] 3

Morula–blastocyst – 7/28 (25) [3] 14
Morula–blastocyst – 92/181 (51) [26] 15
Morula 3/20 (15) 16
Blastocyst 10/22 (46)
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(57%). Thus, they obtained a total of 732 pregnancies; this was 203 more pregnancies
than if none of the 937 embryos had been bisected.

 

4.2.2.5 Combination with Freezing Technology

 

Freezing demi-embryos increases embryo efficiency. Freezing and splitting proce-
dures — especially bisection of postcompaction embryos — damage embryos some-
what; therefore, the potential of demi-embryos to develop into young after freezing
and thawing is low. The main reason for the low viability of frozen–thawed embryos
is due to the lower cell number of embryos as well as to injury caused by the fracture
planes formed in the ice crystal matrices that directly touched the section of demi-
embryos. The insertion of demi-embryos into empty zonae pellucidae improves
embryo viability [26].

 

4.2.2.6 Health Consequences

 

Only a few studies have examined gestation period, body weight, abnormalities, and
peri- and postnatal death of young derived from demi-embryos (Table 4.4). The
body weight of day 18 mouse fetuses developing from demi-embryos was signifi-
cantly lower than that of control fetuses [27]. The body weight of kids from demi-
embryos was within the normal range of kids produced by natural mating [11].

 

TABLE 4.3
Splitting of Bovine Embryos under Field 
Conditions

 

Group

No. of Recipients
Pregnant/Transferred

(%) References

 

Demi-Embryo 441/842 (52) 23
Intact 291/515 (57)
Demi-Embryo 78/132 (59) 24
Demi-Embryo 997/1988 (50) 25

 

TABLE 4.4
Body Weight of Young Derived from Demi-Embryos

 

Species Group
No. of Young

Examined
Average Body Weight

±SD References

 

Mouse Control 60 1.17 ± 0.20 g 27
Demi 31 1.04 ± 0.23 g

Goat Control 1.59 ± 0.39 kg 11
Demi 12 1.76 ± 0.21 kg
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Although demi-embryos can increase their cell number before implantation, the time
interval might be insufficient in the mouse because the implantation window is
narrow compared with goats.

Reichelt and Niemann [13] reported that the loss of postparturition piglets
obtained from bisected embryos was higher than that of piglets produced after natural
mating. Abnormalities such as cryptorchism, atresia, and hernia formation were high
in piglets that developed from bisected embryos. There are no reports of body weight
and health consequences in calves derived from demi-embryos.

 

4.3 CLONING BY NUCLEAR TRANSFER OF 
EMBRYONIC CELL NUCLEI

4.3.1 H

 

ISTORICAL

 

 A

 

SPECT

 

Because the maximum number of identical calves obtained by embryo splitting is
limited to two in most cases, the development of nuclear transfer technology was
desired. A reliable technique for nuclear transfer in mammals was first reported in
1983 by McGrath and Solter [28], who exchanged pronuclei between different mouse
zygotes and obtained live pups after transfer of nuclear-exchanged zygotes. Soon
after this success, the potential of nuclei to develop from the two-cell to blastocyst-
stage embryos was tested by introducing the nuclei into enucleated zygotes or two-
cell embryos.

The developmental potential of nuclear-transferred eggs, however, was limited
[29,30]. Willadsen [31] reported the production of a normal lamb derived from nuclei
of eight-cell embryos by using enucleated unfertilized oocytes at the second
metaphase (MII), instead of zygotes, as recipient oocytes. Soon after that, normal
calves were also produced by nuclear transfer of 2- to 32-stage embryos [32].

 

4.3.2 S

 

UCCESS

 

 R

 

ATE

 

Nuclei transferred to enucleated zygotes or two-cell embryos do not lose their
developmental memory [30], but nuclei transferred into enucleated oocytes function
as if they had been changed into nuclei just after fertilization [32]. Such a change
in nuclear memory is called nuclear reprogramming. In earlier studies, oocytes
recovered from superovulated cows were used as recipient oocytes and nuclear-
transferred oocytes were cultured in ligated oviducts.

Current studies on bovine cloning are performed using 

 

in vitro

 

 systems. A donor
cell (blastomere) from precompaction embryos is fused by electric pulses with
enucleated oocytes at the MII stage matured 

 

in vitro

 

 whose chromosomes were
previously removed (Figure 4.3 and Figure 4.4). Fused oocytes are parthenogenet-
ically activated and cultured 

 

in vitro

 

 for 7 to 9 days before transfer to recipients or
frozen storage. The success rate of nuclear-transferred oocytes to develop into
blastocysts 

 

in vitro

 

 and into young after transfer to recipients is largely different,
depending on the experimental conditions; 10 to 40% of nuclear-transferred oocytes
develop to blastocysts and 10 to 30% of transferred blastocysts develop into calves.
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FIGURE 4.3

 

The procedures for removing the metaphase chromosomes in bovine oocytes:
a. and b. the oocyte is sucked with a small bore holding pipette (left) and a fine glass needle
(right) is inserted into the pervitelline space near the first polar body (arrow); c. and d. the
needle is rubbed against the wall of the pipette to tear the zona pellucida; e. the oocyte is
pushed from above using a glass needle and a small amount of cytoplasm near where the
first polar body was pushed out from the slit on the zona pellucida; f. a small volume of
cytoplasm with the first polar body removed from an oocyte is stained with Hoechst. When
metaphase chromosomes are confirmed to be present in the cytoplasm, the rest of the oocyte
cytoplasm is used as the recipient cytoplasm. (Modified from Tsunoda, Y. and Kato, Y., 

 

Zool.
Sci

 

., 17, 1177, 2000.)

a d

b e

c f
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4.3.2.1 Cell Cycle Stage

 

One important factor that affects cloning efficiency is the combination of cell cycle
stage between donor cells and recipient oocytes [33]. The important key is the
presence of maturation promoting factor (MPF), whose activity is high in MII
oocytes but declines soon after parthenogenetic activation. Because young oocytes,
in which MPF activity is high, are not easily activated parthenogenetically, earlier
studies on bovine cloning used aged oocytes in which MPF activity is low as recipient
cytoplasm. Recent studies, however, revealed that parthenogenetic activation is suc-
cessfully induced in young oocytes if they are treated with electric stimulation or
ethanol treatment in combination with cycloheximide or 6-dimethyl aminopurine
[34].

Nuclei of donor cells introduced into enucleated MII oocytes show nuclear
membrane breakdown and premature chromosome condensation. After parthenoge-
netic activation, the nuclear membrane reforms and DNA synthesis begins, irrespec-
tive of the cell cycle stage of the donor nucleus. Thus, the cell cycle stage of the
donor cells before nuclear transfer should be G1 or G0. If nuclei at the G2 or M
phase are introduced, nuclear-transferred oocytes should release the second polar
body after activation. If nuclei at the S phase are used, the chromosome constitution
of the nuclear-transferred oocytes becomes abnormal. Because the G1 stage in the

 

FIGURE 4.4

 

Nuclear transfer of a blastomere from an 8- to 16-cell bovine embryo: a. zona
pellucida-free 8- to 16-cell bovine embryo; b. a blastomere is inserted into the pervitelline
space of an enucleated oocyte; c. oocyte–blastomere pair is placed in a 1-mm stainless steel
electrode chamber overlaid with fusion medium. Two sets of current pulses are applied several
times. d. Fused oocyte.

a c

b d
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cell cycle of preimplantation embryos is short, synchronization of the cell cycle of
donor embryos into G1 phase is necessary. Unlike in mouse embryos [35], however,
it is difficult to synchronize the cell cycle of bovine preimplantation embryos.

Another method is to use oocytes activated 6 to 9 h before nuclear transfer as
recipient oocytes. MPF activity, determined by cdc2 kinase activity in bovine
oocytes, decreases to basal levels 1 h after parthenogenetic activation and the pro-
nuclear formation starts 5 h after activation [36]. In this case, nuclear membrane
breakdown and premature chromosome condensation of the donor nuclei do not
occur, but DNA synthesis continues or stops depending on the original cell cycle
stage of the donor cells at the time of nuclear transfer. Normal development of
nuclear-transferred oocytes is expected, irrespective of the cell cycle stage of the
donor nucleus. Thus, this method is more practical for cloning bovine and a large
number of calves have been produced using it. The chromosomes of donor cells are
not directly exposed to recipient oocyte cytoplasm. However, they might be repro-
grammed during nuclear swelling of the donor cells, although the extent of swelling
is less than in MII oocytes [37,38].

 

4.3.2.2 Donor Cell Type

 

Since the first successful production of nuclear-transferred calves by Prather et al.
[32], a large number of calves have been produced after nuclear transfer of blas-
tomeres of preimplantation stage embryos, inner cell mass cells with or without 

 

in
vitro

 

 culture, and cultured cells of genital ridges (Table 4.5) [32,37–42]. Willadsen
et al. [39] demonstrated the effectiveness of nuclear transfer technology for cloning
a super elite cow. They obtained morulae and blastocysts by fusion of enucleated
oocytes with blastomeres from 8- to 64-cell stage embryos following culture in sheep
oviducts. Of the 302 recipients that received one nuclear-transferred embryo, 100
recipients (33%) produced calves in a year.

 

TABLE 4.5
Key Reports in Bovine Cloning by Nuclear Transfer of Embryonic Cells

 

Donor
Cell Stage

 

No. of Recipients (%) No. of Calves/No. of Embryos
Transferred (%)No. Pregnant Calved References

 

2–32 13 5 (38) 2 (15) 2/19 (11) 32
8–64 302 128 (42) 100 (33) 100/302 (33) 39
Inner cell mass 15 4 (27) 2 (13) 2/15 (13) 37

26 6 (23) 4 (15) 4/26 (15) 38
Cultured inner 
cell mass

27 13 (48) 4 (15) 4/34 (12) 40

Cultured genital 
ridge cell

73 39 (53) 14 (19) 14/73 (19) 41

94 50 (53) 20 (21) 20/94 (21) 42

 

TF4006_C004.fm  Page 42  Thursday, June 9, 2005  9:15 AM

Copyright 2006 by Taylor & Francis Group, LLC



 

Cloning in Cattle

 

43

 

Because the procedures for nuclear transfer are slightly different among reports,
precise comparison of the potential of nuclear-transferred oocytes to develop into
blastocysts is difficult. The potential of nuclear-transferred oocytes to develop into
blastocysts is not significantly different based on the age of donor embryos obtained
from 

 

in vitro

 

 fertilization (Table 4.6) [43]. Westhusin et al. [44] reported that the
age of donor embryos between day 5 and day 6 did not affect the potential of nuclear-
transferred oocytes to develop into morulae and blastocysts in ligated sheep oviducts.

Nuclear-transferred oocytes receiving inner cell mass cells developed into blas-
tocysts and also to live calves after transfer of nuclear-transferred blastocysts into
recipients [37,38]. Collas and Barnes [37] reported two calves, but Keefer et al. [38]
obtained four calves, two of which were stillborn and two that died shortly after
birth. Although embryonic stem cells have not been established in bovine, live calves
were produced after transfer of nuclear-transferred oocytes receiving short-term
cultured inner cell mass cells (Table 4.5). Sims et al. [40] obtained four calves but
two of them were stillborn.

The enucleated oocytes receiving day 12.5 to day 16.5 male mouse fetal germ
cells developed into blastocysts but not into offspring [45]. The failures are probably
related to the starting point of gamete imprinting for the next generation in male
germ cells [46]. One live calf was born after nuclear transfer of the male genital
ridge on days 50 to 57 [47], suggesting that the starting point of gamete imprinting
might be different. The calf died, however, due to respiration problems 24 h after
birth. A large number of cloned calves have been produced after nuclear transfer of
transgenic or nontransgenic cultured genital ridge cells obtained from bovine fetuses
of 40 to 60 days of age [41,42, Table 4.5]. Forsberg et al. [42] reported that calves
were produced after nuclear transfer of presumptive fetal germ cells, but it is not
known whether the cultured cells used in these studies were of embryonic or somatic
cell origin. 

 

TABLE 4.6
Effects of Age of Donor Embryo on the Developmental Potential of Bovine 
Nuclear-Transferred Oocytes

 

Age of Donor Embryo 
(Day After 

 

In Vitro

 

Fertilization)

No. of Cells
in Donor Embryo

(Mean ±SD)

No. of Oocytes
Fused/Examined

(%)

No. of Oocytes 

 

Developed to (%)

2-Cell 8-Cell Blastocyst

 

3.5 13.2 ± 2.2 167/203 (82) 136 (81)

 

a

 

56 (34) 16 (100)
4.5 17.0 ± 2.8 109/126 (87) 86 (79) 37 (34) 12 (11)
5.5 27.1 ± 1.2 161/184 (88) 110 (68)

 

b

 

49 (30) 15 (9)
6.5 35.0 ± 9.2 132/169 (78) 98 (74) 40 (30) 8 (6)

 

Note

 

: Values with different superscripts differ significantly (p<0.05).

 

Source

 

: Modified from Ohkoshi, K., Hata, M., Kato, Y., and Tsunoda, Y., 

 

J. Reprod. Develop.

 

, 43,
261, 1997.
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4.3.2.3 Serial Nuclear Transfer and Freezing of Nuclear-
Transferred Embryos

 

One method for producing a large number of identical calves is to use cultured
embryonic cells. Another method is to use nuclear-transferred embryos as donor
cells for the next generation of nuclear transfer [44,48–51]. In one study [51], a
single blastomere of one donor embryo at the morula stage was fused with enucleated
oocytes by electric pulses. Fused oocytes were cultured 

 

in vitro

 

 for 7 to 9 days, but
some reconstituted oocytes that developed to the 8- to 16-cell stage were removed
halfway through the 

 

in vitro

 

 culture and used as donor cells for the next generation
(Figure 4.5).

Recycling nuclear transfer was again performed. A maximum of 43 or 54 cloned
blastocysts were produced from one cow embryo after culture 

 

in vitro

 

 [51] or in
sheep ligated oviduct [49]. Cloned blastocysts were obtained even after nuclear
transfer three [51] (Table 4.7) or six times [49], and calves were successfully
produced after transfer of cloned blastocysts in the second and third generations. As
many as ten clonal calves have been produced by serial nuclear transfer [49]. 

Frozen storage of cloned embryos is required for practical application of nuclear
transfer in the animal industry. In the authors’ study [51], the 

 

in vitro

 

 viability of

 

FIGURE 4.5

 

Procedures for serial nuclear transfer.

 

TABLE 4.7
Developmental Potential of Serial Nuclear-Transferred Bovine 
Embryos

 

Generation of
Nuclear Transfer

No. of Oocytes Developed to
Blastocysts/Cultured (%)

No. of Calves/Transferred 

 

(%)

Fresh Frozen-Thawed

 

1 28/133 (21) 2/2 (100) 2/5 (40)
2 65/177 (37) 0/10 (0) 1/4 (25)
3 53/271 (20) 2/8 (25) 0/5 (0)

Blastocyst

Blastocyst

8- to 16-cell
stage

8- to 16-cell
stage

Nuclear
transfer

Nuclear
transfer

Nuclear
transfer

Blastocyst

8- to 16-cell
stage

Culture
for 3 to 4 d 

Culture
for 4 to 5 d 

Culture
for 3 to 4 d 

Culture
for 4 to 5 d 

Culture
for 3 to 4 d 

Culture
for 4 to 5 d 

Third
generation

Second
generation

Donor
embryo

First
generation
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cloned blastocysts after slow freezing and thawing by using 1.5 

 

M

 

 ethyleneglycol
was low (59%), but not significantly different from that in blastocysts fertilized 

 

in
vitro

 

 (72%). As shown in Table 4.7, live calves were also produced from fro-
zen–thawed nuclear-transferred embryos.

 

4.3.3 H

 

EALTH

 

 C

 

ONSEQUENCES

 

Only a few reports have examined the health consequences in calves produced by
nuclear transfer of oocytes receiving embryonic cells. Willadsen et al. [39] reported
that 10 of 100 calves produced by nuclear transfer died or were killed due to various
reasons. Two died due to unknown reasons a few days after birth. Four calves died
during or soon after birth due to hard pulling during assisted birth. The other four
had congenital malformations: a large septal defect between the left and right cardiac
ventricles; contractures affecting limbs and spine; and facial twist. They also
observed that a number of cloned calves were exceptionally large (in excess of
58.9 kg).

Keefer et al. [38] reported that two live calves obtained from nuclear transfer
of inner cell mass cells had large birth weight (59.8 and 72.5 kg), and one of them
had flexural limb deformity and died from septicemia 15 days after birth. The other
had no anatomic abnormalities, but died 4 days after birth for unknown reasons.

Since the first nuclear-transferred calf was born in August 1990 in Japan, 686
calves have been produced in universities and national and prefectural research
institutes (from the report of the Japanese Ministry of Agriculture, Forestry and
Fisheries, Table 4.8). Of the 686, 123 (17.9%) calves were dead or died before or
shortly after birth, but the causes were not reported. The remaining calves went on
to be bred, sold, or slaughtered, or died from accidental causes. A number of cattle,
however, have calved normally. 

 

TABLE 4.8
The Proportions of Nuclear-Transferred 
Calves That Died Before or After Birth

 

Orgin of Donor Cells

Situation Embryonic Somatic 

 

Total birth 686 367
Stillborn (%) 73 (10.6) 58 (15.8)
Perinatal death (%) 30 (4.4) 50 (13.6)
Death from sickness (%) 20 (2.9) 66 (18.0)

 

Source

 

: From the report of the Japanese Minstry of
Agriculture, Forestry and Fisheries on September 30,
2003.
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4.4 CLONING BY NUCLEAR TRANSFER OF SOMATIC 
CELL NUCLEI

4.4.1 H

 

ISTORICAL

 

 A

 

SPECTS

 

In 1994, Collas and Barnes [37] reported that enucleated oocytes receiving cultured
granulosa cells developed into blastocysts, but no pregnancy was detected after
transfer to recipients. In 1997, Wilmut et al. [52] reported the first successful
production of a cloned sheep, Dolly, by nuclear transfer of enucleated oocytes
receiving cultured mammary gland cells. Dolly is the first animal obtained from
adult somatic cells. The authors reported the first successful production of cloned
calves from adult somatic cells in 1998 [53]. Since then, a large number of cloned
calves from fetal and adult somatic cells have been produced.

 

4.4.2 S

 

UCCESS

 

 R

 

ATE

 

The procedures used for bovine somatic cell nuclear transfer are slightly different
among laboratories. In the authors’ laboratory [54,55], MII oocytes matured 

 

in vitro

 

for 20 to 24 h and their chromosomes were mechanically removed and used as
recipient cytoplasm. The maternal chromosomes are usually removed by aspiration
or by pushing out the cytoplasm overlying the first polar body with or without
Hoechst staining (Figure 4.3).

Recently, a new technique for removing chromosomes has been developed
[56,57]. Brief treatment of 

 

in vitro

 

 matured oocytes with demecolcine or nocodazole
results in a membrane protrusion containing a condensed chromosome mass that
can be easily removed by aspiration (Figure 4.6). Donor cells obtained from various
tissues are cultured and passaged several times 

 

in vitro

 

 and then induced to the

 

FIGURE 4.6

 

Bovine MII oocytes before (a) and after (b) treatment with 0.4 

 

µ

 

g/ml deme-
colcine for 60 min. Arrow shows the membrane protrusion, and arrowhead indicates the first
polar body.

a b
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G0/G1 phase of the cell cycle by serum starvation or contact inhibition. Single donor
cells are inserted into the perivitelline space of recipient oocytes and both of them
are fused with electric pulses (Figure 4.5). The fused oocytes are activated with
cycloheximide or 6-dime thylaminopurine and cultured 

 

in vitro

 

 to the blastocyst
stage and then nonsurgically transferred to synchronized recipients.

The potential of nuclear-transferred bovine oocytes receiving somatic cells to
develop into blastocysts is 20 to 60%, but not largely different from that of 

 

in vitro

 

fertilized oocytes. After transfer to recipients, the proportion of blastocysts that
developed into young ranges from 5 to 80%, but is usually 10 to 20%.

 

4.4.2.1 Cell Cycle Stage

 

Although reprogramming of embryonic nuclei occurs in activated and nonactivated
MII oocytes [33], reprogramming of somatic cell nuclei differs [58]. As shown in
Figure 4.7, enucleated MII oocytes receiving cultured bovine cumulus cells devel-
oped into blastocysts irrespective of the cell cycle stage of donor cells [58]. When
enucleated oocytes activated 6 h before were used for recipient cytoplasm, none of
nuclear-transferred oocytes receiving cumulus cells at any cell cycle stage developed
beyond the eight-cell stage. Because embryonic genome activation of bovine
embryos occurs between the 8- to 16-cell stage [59], new transcription in the nuclear-
transferred oocytes apparently did not occur. It is possible that MII oocytes repro-
gram somatic and embryonic cell nuclei but activated oocytes reprogram only embry-
onic cell nuclei.

 

FIGURE 4.7

 

In vitro

 

 developmental potential of nuclear-transferred bovine oocytes at the M
phase (a) or S phase (b) receiving adult somatic cells at different cell cycle stages.
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The point at which the potential of oocytes to reprogram somatic cell nuclei
disappears after parthenogenetic activation was recently examined [36]. The poten-
tial of nuclear-transferred oocytes to develop into blastocysts is not different when
cultured cumulus cells at the M phase are fused with oocytes activated 1 to 5 h
before (Figure 4.8). The potential of oocytes activated 1 h before receiving somatic
cells at the G0/G1 phase, however, decreases significantly. The decline is not due
to a lack of reprogramming factors in oocytes, but rather to low MPF activity. It
was demonstrated that reprogramming of bovine somatic cell nuclei is not directly
regulated by mitogen-activating protein kinase activity, similar to MPF [36]. The
reprogramming factor in oocytes, however, is not yet identified.

 

4.4.2.2 Donor Cell Type

 

Somatic cells from various tissues of male and female fetuses, newborns, and adults
have been cultured, passaged, and used for bovine nuclear transfer:

• Cumulus (granulosa)
• Oviduct
• Uterus
• Skin
• Ear

 

FIGURE 4.8

 

In vitro

 

 developmental potential of nuclear-transferred bovine oocytes at the
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• Heart
• Liver
• Kidney
• Muscle
• Lung
• Mammary gland
• Testis
• Epididymis
• Gut
• Tongue
• Bone marrow

The 

 

in vitro

 

 potential of enucleated bovine oocytes receiving somatic cells from
various tissues to develop into blastocysts by using the same nuclear transfer pro-
cedures was compared [55]. The percentage of blastocysts that developed from
enucleated oocytes receiving donor cells from various tissues was not much different
among donor cells; also, no difference was found in the percentage of blastocysts
that developed from enucleated oocytes receiving adult, newborn, or fetal cells, or
between female and male cells (Table 4.9).

So far, cloned calves have been produced after nuclear transfer of somatic cells
from many tissues, but the most suitable donor cells for cloning are not clear because
the developmental potential of nuclear-transferred oocytes receiving somatic cells
obtained from different tissues of a single animal has not been compared. Several
studies have demonstrated that cell lines from cumulus cells (granulosa cells) are
suitable donor cells for bovine cloning [54,55,60]. Different developmental poten-
tials of nuclear-transferred oocytes receiving cell lines from the same origin have
also been observed [55]. Although one live calf was obtained after nuclear transfer
of pluripotent mesenchymal stem cells derived from male adult bone marrow [61],
it is not clear whether somatic stem cells have a better chance to develop into live
calves than differentiated somatic cells do. 

 

TABLE 4.9
The Potential of Nuclear-Transferred 
Bovine Oocytes Receiving Somatic 
Cells from Different Origins to 
Develop into Blastocysts In Vitro

Origin

Adult Newborn Fetus

Female 30–52 28–44 223–47
Male 33–53 25–47 37–45
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4.4.3 HEALTH CONSEQUENCES

4.4.3.1 Pregnancy Loss

As shown in Table 4.10, the initial pregnancy rates after transfer of somatic cell-
cloned bovine embryos are relatively high, but more than 50% of pregnant recipients
abort before parturition. Pregnancy losses after day 90 of gestation are rare in bovine
implanted by artificial insemination or embryo transfer of blastocysts fertilized in
vivo and in vitro. Heyman et al. [62] reported that the incidence of fetal loss between
day 90 and calving was 44% for adult somatic cell clones and 33% for fetal somatic
cell clones, compared with 4.3% after embryonic cell cloning. In one study [55] in
which blastocysts that originated from various somatic cells were transferred, the
pregnancy rate gradually declined and abortions occurred even after day 150 of
gestation (Figure 4.9). The main reasons for the high incidence of abortion might
be due to the placental abnormalities in early and late-term cloned bovine fetuses
[60,63,64].

TABLE 4.10
Frequency of Gestation Losses from Somatic Cell Cloned Bovine 
Embryos

No. of Recipients (%) No. of Calves (%)

Reference Transferred Pregnant Calved Born Born Alive Remain Alive

54, 55 139 55 (40) 28 (20) 32 25 (78) 18 (56)
62 173 97 (56) 15 (9) 15 15 (100) 11 (73)
64 247 110 (45) 30 (12) 30 24 (80) 24 (80)
65 2170 535 (25) 103 (5) 117 106 (91) 82 (70)

FIGURE 4.9 In vivo development after transfer of bovine cloned embryos. 

of gestation Day

40~60

P
re

gn
an

cy
 r

at
e 

(%
)

Pregnant/Recipients (%)

100 150 200 Parturition

56/144
(39)

41/144
(28) 35/144

(24) 30/144
(21)

29/144
(20)

50

40

30

20

10

0

TF4006_C004.fm  Page 50  Thursday, June 9, 2005  9:15 AM

Copyright 2006 by Taylor & Francis Group, LLC



Cloning in Cattle 51

4.4.3.2 Perinatal Death of Cloned Calves and Observed 
Abnormalities

As shown in Table 4.10, 56 to 80% of somatic cell clones were alive for at least for
1 week to 1 month after parturition [54,55,62,64,65], but the rest died for various
reasons (Table 4.11). Since the first somatic cell-cloned calves were born on July
5, 1998, in Japan [54], 367 calves have been produced following nuclear transfer of
somatic cells from various origins; however, 174 (47%) have died for various reasons
(Table 4.8). The proportions of peri-and postnatal death of somatic cell clones were
higher than those of embryonic cell clones (18%, Table 4.8).

Chavatte-Palmer et al. [66] reported that apparently normal surviving cloned
calves cannot be considered physiologically normal animals until at least 50 days
of age. Cloned neonates had high body temperature, high plasma leptin concentra-
tions, and low T4 levels compared with artificially inseminated controls. These
parameters returned to the same levels as those in controls 50 days after birth. Lanza
et al. [67] reported that physical examination of surviving somatic cell clones was
normal. This physiologic status is in accordance with the impression that, in general,
most cloned neonates require intensive care such as oxygen inhalation, nitric oxide
administration, body temperature maintenance, colostrum administration, etc. [68].
Abnormalities have also been observed in embryonic stem cell-cloned mice [69,70]
and somatic cell-cloned sheep [71], goats [72], and pigs [73]. The body weight of
cloned calves is frequently heavy, but large offspring syndrome is not a specific
characteristic of the clones [74]. Such excessive weight in somatic cell clones,
however, has not been observed in pigs [56,57].

The reasons for the high incidence of such abnormalities in neonates are not
clear, but some might be due to the hydrallatois caused by placental abnormalities

TABLE 4.11
Abnormalities Observed in Cloned Calves

Pneumonia Anasarca
Cardiopulmonary anomalies Enlarged placentomes
Ventricular septal defects Acidosis
Omphalocele Enlarged right ventricle
Ascites Pulmonary surfactant deficiency
Cardiac enlargement Pulmonary hypertension
Liver steatosis Meconium aspiration
Hypothermia Enlarged umbilicus
Hypoxemia Septicemia
Hypoglycemia Immunodeficiency
Hypercarbia Diabetes
Pulmonary hypertension Idiopathic hyperthermia
Allantoic edema Gastritis/enteritis
Hydrallantois Collisepticemia
Hydramnios Morphologic abnormalities
Hyperthermia Large offspring syndrome
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with a small number of placentomes [60,64,75]. Sudden death with no premonitory
signs has been observed in some clones even at 5 to 6 months old [76]. In addition
to abnormalities observed in cloned calves, most pregnant recipients had no or only
minor symptoms of parturition, such as labor pain and mammary development
[60,68,71]. Thus, delivery of the neonates is usually performed by cesarean section.

4.4.3.3 Postnatal Development and Reproductive Ability

Most somatic cell-cloned calves that survive 1 month after parturition will grow
normally. Although the growth rates of cloned calves have not been reported, obesity
in cloned mice [77] has been observed. Figure 4.10 shows the change in body weight
of two bulls obtained from adult somatic cells of an elite bull from parturition to 30
months of age. The body weights of both clones are within the upper and lower
limits of bulls of the same breed and age.

Several reports have demonstrated that somatic-cell cloned male and female calves
have normal reproductive ability [67,76,78]. In one study, all 13 calves — 11 females
and 2 males — that grew to adulthood had normal fertility [76]. The first four surviving
calves, obtained from cultured cumulus cells and oviductal cells from July 5 to August
19, 1998 [54], produced normal calves on July 10, 2000; September 17, 2000; March
26, 2001; and April 23, 2001, after artificial insemination. 

The first somatic cell-cloned mammals had shorter telomere lengths [79], but
later studies demonstrated longer [80] lengths equivalent [81,82] to those of control

FIGURE 4.10 Body weights of somatic cell cloned bulls. NT1 and NT2 were cloned bulls
obtained after nuclear transfer of fibroblast cells from an adult Japanese brown cattle. Dotted
lines show upper and lower limits in control bulls.
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animals, different among tissues examined [55], or different among donor cells [83].
The life span of cloned mice from somatic cells is significantly shorter than that of
controls [84], but it is not known if this is the case in cloned calves.

4.5 SUMMARY

Various new technologies have been developed to increase the efficiency of embryo
transfer in farm animals. Of these technologies, nuclear transplantation with somatic
cells is the most efficient technique because copies of elite bovine can be produced
in a short time. The cloning technology has some problems, however, especially
with somatic cells, such as a high incidence of peri- and postnatal death and mor-
phologic abnormalities of calves. More reliable cloning techniques need to be devel-
oped before broad application in animal husbandry.
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5.1 INTRODUCTION

 

Nuclear transfer has been used to produce mammalian offspring in sheep, cattle,
pigs, mice, rabbits, goats, cats, deer, rat, mules, and the horse. Live animals have
been produced from somatic (nonreproductive) cells from adult and fetal cell lines.
Recently, the authors’ laboratory reported the first successful births of an equine
specie — three identical cloned mules produced from the transfer of fetal somatic
cell nuclei into enucleated horse oocytes and carried full term in the reproductive
tract of a female horse (mare) [1]. All of these animals developed normally and the
births were unassisted; each animal is developmentally normal and healthy based
on several physiological parameters monitored since birth. Subsequent to the suc-
cessful birth of the first equine, Galli et al. [2] reported the birth of a single horse
foal produced following the transfer of adult somatic cells into an enucleated horse
oocyte. This animal was reported to be normal and healthy. 
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5.2 UNIQUE OBSTACLES TO CLONING THE FIRST 
EQUINE

 

Success in the equine was extremely remarkable considering the existing inability
to produce efficient numbers of 

 

in vitro

 

 produced oocytes and embryos with the
ability to develop to term [3]. Both of these assisted reproductive parameters are
well established in each of the species that have produced nuclear transfer offspring
and aspects of these processes contribute to the efficiency of the cloning success.
Initial and, in some species, continued success of the nuclear transfer process
depends on generating large numbers of embryos for transfer. The large number of
embryos is requisite for success because of the extremely high loss of pregnancies
throughout gestation. 

The authors’ work in the mule and that of Galli et al. [2] in the horse used 

 

in
vitro

 

 matured oocytes as the recipient cell for nuclear transfer. In the mule work,
the oocytes were collected from live animals and further matured in culture for 16
h compared to the horse work, in which oocytes were collected from abattoir-derived
ovaries and recovered oocytes were further cultured for 24 h. In addition, the single
nuclear transfer horse foal resulted from the transfer of an adult somatic cell nucleus
as compared to the mule foals that resulted from a fetal primary somatic cell line.
A very unique aspect of the horse foal is that its dam is, in fact, its genetically
identical twin. This clearly indicates, at least in the equine, that recognition of fetal
antigens is not necessary to allow pregnancy to proceed to term. 

Of further significance is that the first equine produced used nuclear donor cells
from a cell line of a mule, a sterile equine hybrid. Mules are the result of breeding
a donkey with a horse and produce an animal with 63 chromosomes (donkey = 62
and horse = 64). These animals cannot reproduce naturally under any combination
of breeding crosses [4]. Others have suggested the potential for cloning to allow the
multiplication of genetically unique or valuable animals [5], to produce animals with
altered genetic composition [6], and to facilitate the rescue of endangered species
[7]. This is the first example of applying cloning as a tool to reproduce a species
otherwise incapable of reproduction by natural means. 

 

5.3 NUCLEAR DONOR CELLS

 

The primary donor cell line used to produce the identical mule foals was established
from a 45-day old fetus recovered from a quarter horse type of mare by transcervical
uterine lavage. Fetal tissues were aseptically collected and then dispersed; a primary
culture of fibroblast cells was established. The cells were allowed to multiply for
approximately 5 weeks, then stored frozen in liquid nitrogen until immediately prior
to use as nuclear donor cells. The primary donor cell line comprised fibroblast cells
as determined by labeling with vimentin and cytokeratine, a characteristic test of
fibroblast cell linage. 
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5.4 EQUINE EXTRACELLULAR AND INTRACELLULAR 
CALCIUM

 

A critical component of the cloning process in any species is the efficient activation
of the single-cell nuclear transfer zygote following nuclear transplantation. Unlike
other cell types, oocytes (eggs) are maintained in an immature state until immediately
prior to release from the ovary. The oocyte matures to a point within meiosis,
metaphase II stage, and arrests at this developmental point until fertilized. This
“activates” the oocyte to complete meiosis and begin zygotic development. Little is
known regarding the intracellular mechanisms associated with oocyte activation in
the equine. However, in all other species studied, intracellular calcium transients are
an absolute requirement for initiation of subsequent development [8]. 

Ongoing, independent research evaluating the differences between equine and
human cells relative to growth characteristics indicated that average (

 

n

 

 = 55) intra-
cellular calcium levels in equine erythrocytes were 2.5-fold lower than average (

 

n

 

= 55) human erythrocyte levels — even though extracellular calcium levels were
1.5-fold higher in the equine (unpublished data, Woods et al.). Based on this infor-
mation, calcium levels were evaluated in follicular fluid obtained from the ovaries
of eight mares and compared to comparable samples obtained from the ovaries of
seven cows. These results indicated that equine follicular fluid contained 38.6-fold
higher calcium levels (average 109,965 ng/g vs. 2849 ng/g, respectively) than sim-
ilarly staged bovine follicular fluid (unpublished data, Woods et al.). 

 

5.5 EQUINE OOCYTE CALCIUM REGULATION

 

Considering these results, initial studies were carried out to evaluate the ability of
equine oocytes to initiate an intracellular calcium transient when exposed to iono-
mycin — a known and commonly utilized intracellular calcium agonist. The ability
of the oocyte to generate a calcium transient of sufficient magnitude to induce oocyte
activation was requisite to any subsequent development.

Preovulatory oocytes were collected from 

 

 ≥

 

45-mm follicles by transvaginal
ultrasound-guided aspiration. Five horse oocytes were recovered from five different
mares cultured for 14 h and used to evaluate intracellular calcium response. Using
procedures common to the authors’ laboratory, these equine oocytes, along with
bovine 

 

in vitro

 

 matured oocytes used for comparative purposes, were evaluated for
intracellular calcium response following treatment with ionomycin [9]. The intra-
cellular calcium profile observed after treatment with ionomycin in equine oocytes
was markedly reduced compared to that obtained with bovine oocytes under the
same conditions. 

Evaluated together, these results indicated that the equine has unique calcium
regulatory mechanisms — particularly considering the large disparity between the
extracellular calcium concentrations observed in the equine and the correspondingly
low intracellular levels detected. Furthermore, combined with the equine oocyte
intracellular calcium response induced by ionomycin, these results provided the
impetus for increasing the calcium levels in media associated with the equine
oocytes and nuclear transfer embryos during 

 

in vitro

 

 culture and manipulation. This
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modification to increase the calcium content (sixfold) of media exposed to the
oocytes and subsequent nuclear transfer zygotes was critical to the success of the
cloning procedure and led to the production of the three identical mule foals.
Following this modification, the 2-week pregnancy rate following transfer of equine
nuclear transfer embryos increased over sevenfold compared to all other treatment
groups. 

 

5.6 NUCLEAR TRANSFER OF EQUINE EMBRYOS

 

Oocytes to be used for nuclear transfer were collected by transvaginal ultrasound-
guided pick-up from quarter horse types of donor mares during the preovulatory
period from 

 

≥

 

45-mm Graafian follicles. Oocytes were immediately recovered from
flush medium, graded based on morphology, and placed into culture for an additional
12 to 16 h prior to nuclear transfer. Oocytes were classified into one of three
categories:

• Expanded (with large, loose cumulus complexes)
• Compact (with tightly packed cumulus or coronal cells)
• Denuded (free of cumulus cells)

Regardless of classification, all oocytes were placed individually in maturation
medium containing elevated calcium levels and cultured for 12 to 16 h. After culture,
oocytes were denuded of cumulus cells. The first polar body and adjacent cytoplasm
containing the metaphase plate were removed and a nuclear donor cell was placed
in the perivitelline space closely associated to the enucleated oocyte. The resultant
nuclear transfer couplets were placed into fusion medium within a fusion chamber
and induced to fuse by electrical pulse.

Couplets that failed to fuse after the first fusion pulse were subjected to subse-
quent electrical pulses until fusion occurred or the enucleated oocyte lysed. The
resultant nuclear transfer embryos were then placed in medium containing elevated
(six times) calcium and activated by a brief exposure to ionomycin followed a 5-h
treatment with cyclohexamide (Figure 5.1).

A total of 334 oocytes across all treatment groups were manipulated; 307 were
successfully fused and 305 were transferred to recipient mares. Among these nuclear
transfer zygotes, 6.9% resulted in 14-day pregnancies, 3.6% in 30-day pregnancies,
and 1.6% in 45-day pregnancies. Of those nuclear transplant embryos maintained
in standard calcium levels (1

 

×

 

), only 1.5% established 14-day pregnancies and none
developed to 30-day pregnancy. Of the 113 nuclear transfer embryos cultured and
handled in 3

 

×

 

 media and activated in 6

 

×

 

 medium were transferred to recipient mares,
12.4% resulted in 14-day pregnancy rates, 8.0% in 30-day pregnancy rates, and 4.4%
in 45-day pregnancy rates; three live foals resulted.

The three foals born developed to full term and parturition proceeded naturally
without assistance. All three foals were developmentally normal with respect to
respiration, cardiovascular function, blood glucose levels, urinary output, and diges-
tion at birth and continue to exhibit normal growth characteristics.
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5.7 GESTATIONAL DEVELOPMENT OF CLONED 
MULES

 

The three quarter horse type surrogate mares carrying the cloned mule pregnancies
were monitored throughout the gestation period. Mares were of various ages (8, 10,
and 12 years) with unknown reproductive histories. Immediately following the
completion of the nuclear transfer process, four one-cell cloned mule embryos were

 

FIGURE 5.1

 

Diagrammatic illustration of the nuclear transfer process applied to the equine.
Unfertilized eggs are recovered from the ovary of any grade mare, all maternal DNA is micro-
surgically removed and the resulting DNA-free egg is referred to as a cytoplast. The cytoplast
is then combined with a single donor cell that contains a nucleus and the two cells are induced
to fuse by electro-fusion. The nuclear transfer embryo is activated under a high calcium
environment, which induces the initiation of development, and the embryo is then immediately
transferred to a synchronized surrogate mare.
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transferred surgically to the oviduct ipsilateral to the ovary of ovulation in each
mare. Ovulation in surrogate mares had occurred during the 24 h preceding transfer.

An initial pregnancy determination was carried out by transrectal ultrasonogra-
phy at 13 to 16 days of gestation (transfer day = day 0). Subsequent evaluations
were conducted at 7- to 10-day intervals until day 60 and then every 2 to 4 weeks
throughout the remainder of gestation. During the first 60-day evaluation period,
pregnancies were monitored for size and location of embryonic vesicles, presence
of an embryo within each vesicle, and embryonic heartbeat. The primary parameter
evaluated during the 60- to 270-day mid-gestational evaluation period was fetal
movement. The late gestational period was monitored for fetal movement and ultra-
sonographic assessment of the combined thickness of the uterus and placenta [10].

Of the cloned embryos transferred to these three surrogate mares, four developed
into ultrasonographically detectable conceptuses. The growth profiles of each cloned
conceptus were compared to published growth profiles of noncloned horse concep-
tuses that exhibited normal development during the same period as the evaluation.
All four cloned conceptuses developed within normal size range throughout the
evaluation period compared to noncloned conceptuses. Embryos were detected
within each conceptus vesicle between day 21 and 29; however, a heartbeat was not
detected in one of the twin pregnancies. This twin subsequently spontaneously
eliminated between day 29 and day 36 of pregnancy. The three remaining embryos
continued to develop normally throughout the remainder of gestation. All evaluations
throughout gestation appeared to be within normal ranges for all parameters evalu-
ated [10].

 

5.8 PARTURITION AND POSTPARTUM HEALTH OF 
CLONED MULES

 

As the mares approached their due dates, they were monitored for clinical signs
indicative of preparation for parturition. All three mares exhibited the typical tem-
poral pattern of change prior to parturition characteristic of noncloned equine preg-
nancies. When parturition appeared close (within 96 h), the mares were monitored
by direct visual observation during the day, when they were turned out on pasture,
and closed-circuit video during the night, when they were confined to a box stall.

The three mares spontaneously initiated and completed parturition without assis-
tance on days 340, 346, and 346, respectively. All three foals were active and
clinically healthy at birth, and all three mares spontaneously expelled the placenta
within 90 min of parturition. Physical characteristics of each placenta were evaluated
and compared to previously published data for Thoroughbred horses. One point of
interest was the finding that the nonpregnant horn was longer than the pregnant horn
in all three cloned placentas, whereas the pregnant horn is typically longer than the
nonpregnant horn in equine placentas. The clinical significance (if any) of this finding
is unknown [10]. 

Immediately after birth, all three foals were weighed and underwent a complete
physical examination. In addition, they received routine postpartum care. All three
stood unassisted within 30 min of birth. The three foals received 150 to 250 ml of
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a commercial equine IgG formulation

 

 

 

via nasogastric tube within 4 h of birth. Within
36 h of birth, blood samples were collected from each foal for routine hematology
and blood chemistry analyses. All three foals exhibited a mild to moderate throm-
bocytopenia, which resolved spontaneously and was not associated with any clinical
signs. The underlying cause of the thrombocytopenia is unknown, but it may have
been the result of absorption of alloantibodies in colostrum that recognized foal
platelets. Clinically, the foals remained healthy throughout the neonatal period and
continue to be healthy and vigorous at the time of this writing [10].

 

5.9 CONFIRMATION OF GENETIC ORIGIN

 

The confirmation of lineage of the nuclear transfer foal was by DNA testing for 12
horse microsatellite markers and sex-specific alleles of the amelogenin (AMEL) locus.
These assays were performed with DNA extracted from cultured cells from the donor
mule cell line and from blood and hair for the recipient mare and foal. These markers
are used routinely for parentage verification and individual identification. Tests were
independently performed at the Veterinary Genetics Laboratory, University of Califor-
nia at Davis. Results from these assays confirm that the three foals originated from
the donor cell line and had no relation to their recipient mares [1].

 

5.10 THE ROLE OF CALCIUM IN EQUINE EMBRYO 
DEVELOPMENT

 

Apparently, elevated extracellular cellular calcium levels play a critical role during
oocyte culture, handling, and activation that induces subsequent development of
competent nuclear transfer zygotes. The success of these results also provides evi-
dence of the potentially positive effect of elevated levels of extracellular calcium on
equine embryonic/germ cells while they are maintained 

 

in vitro

 

. The exposure of
these cells to elevated calcium levels effectively resulted in a significant increase in
the number of established pregnancies that subsequently developed to late gestation
(>260 days) and finally to term.

These results may have further implications for implementing elevated extracel-
lular calcium levels in conjunction with other assisted reproductive techniques, such
as 

 

in vitro

 

 maturation, fertilization, culture, and sperm injection in the equine. The
current success of these procedures in the equine is reduced compared to that with
other species for unknown reasons [3]. The data reported here may have important
implications for understanding fundamental differences in the cell biology of equine
cells and their regulation of calcium that have important effects on subsequent
developmental competence in this specie. 

 

5.11 DEVELOPMENTALLY CRITICAL PERIOD

 

A critical period of early peri-implantation development in the equine may exist in
which the majority of embryonic losses occur after transfer of cloned embryos. Of
the total number of 14- to 30-day pregnancies established from all treatments (19),
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nine were ultrasonographically observed with clear, detectable fetal heartbeats. All
fetuses with detectable heartbeats were from treatments with elevated calcium; eight
of the nine were from the threefold/sixfold calcium group (one fetus was from the
threefold activation treatment).

In addition, of the pregnancies with detectable heartbeats, in all pregnancies that
subsequently failed, the heartbeats were lost prior to day 50 and the resulting vesicle
disappeared within 20 days. This supports the hypothesis that critical events occur
within the developing conceptus during 30 to 50 days of gestation; these result in
a successful term pregnancy when appropriately carried out and failure when inad-
equate. It is also possible that critical interactions crucial to the survival of the
developing fetus and pregnancy may occur between the developing fetal placenta
and maternal endometrial tissue during this period. 

A unique event that occurs during an equine pregnancy is the establishment of
endometrial cups. These cups produce the hormone equine chorionic gonadotropin
(eCG), which is believed to be responsible for maintenance of early pregnancy in
the mare. The eCG is first detected in the serum of pregnant mares at 37 to 40 days,
with peak levels reached at 60 to 80 days.

Endometrial cups are composed of tissue originating from the fetal placenta and
maternal endometrial cells. Specialized tissue originating from the fetal placenta
begins to appear at approximately 30 days of gestation and is referred to as chorionic
girdle cells [11]. Specialized trophoblast cells originating from the chorionic girdle
begin to migrate into the maternal endometrium at 36 to 38 days and become fully
developed and functional by 45 to 50 days of gestation in pregnancies that develop
to term [12]. The timing of these events coincides with the period of pregnancy
when all cloned fetuses with heartbeats that failed to proceed to term were lost.

A problem with reprogramming equine somatic cell nuclei following nuclear
transfer may be manifested as a placental problem, similar to the primary cause of
pregnancy failure in other species in which successful births of nuclear transfer
offspring have been previously reported [13,14]. The placental problem may be
manifested as an inability to establish a competent presumptive population of chori-
onic girdle cells from the developing placenta; this leads to pregnancy failure. Further
studies must be carried out to evaluate this possibility.

 

5.12 DEVELOPMENTAL COMPETENCE OF MULE CELLS

 

Results confirming the birth of cloned mules reported by the authors’ laboratory
provide evidence of developmental competence of mule somatic cells as nuclear
donor cells. Mules are a sterile hybrid [4] resulting from the cross of a donkey with
a horse. This developmental failure has been hypothesized to be associated with an
incompatibility in chromosome number of the mule [4].

Mules have 63 chromosomes compared to 62 and 64 in the donkey and horse,
respectively. Clearly, based on the birth of three identical mule foals, the mule
nucleus has the endogenous factors required for directing development to a normal
full-term offspring. Also, when maintained under the conditions of high extracellular
calcium, the horse oocyte has the full potential to reprogram equine somatic cell
nuclei; this results in the production of apparently healthy full-term offspring. The
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authors have reported that horse oocytes with 64 chromosomes are compatible with
donkey sperm (fewer chromosomes) and mule nuclear transfer with 63 chromo-
somes. In contrast, donkey oocytes with 62 chromosomes are markedly less
functional with stallion sperm (more chromosomes) [4]. In addition, using the ele-
vated extracellular calcium treatment, attempts to use donkey oocytes as recipient
cytoplasm have been made.

Results from these efforts yielded zero week-2 embryos when mule nuclei with
63 chromosomes were transferred to donkey oocytes (

 

n

 

 = 14) with 62 chromosomes
(unpublished data). This may support the hypothesis that critical, maternally
imprinted genes are present on the horse complement of chromosomes that contribute
to and are necessary for survival of the resulting mule. If this hypothesis is true, the
birth of mule nuclear transfer offspring indicates a process of reprogramming that
allows appropriate function of an imprinted gene.

 

5.13 REPRODUCTION OF INFERTILE OR STERILE 
ANIMALS

 

The ability to produce offspring from animals otherwise incapable of reproduction
has important implications in the equine. Routinely, male animals are electively
castrated to produce animals (geldings) that are more easily managed and handled.
These animals are then much more conveniently and safely used in various compe-
titions such as cutting, reining, polo, roping, and racing. An example of this situation
was the success of the gelding, Funny Cide, that won two of the three legs of the
Triple Crown in 2003. However, regardless of the potential superiority of the genetics
of this animal without the application of nuclear transfer, he will never reproduce
and pass his genes on to future generations.

Often the decision to geld an animal is made many months or years prior to the
animal’s beginning competition. Most animals will not begin competition prior to
their third year of age. Unfortunately, although these animals are proven valuable
competitors with outstanding gene-based traits, this is identified subsequent to cas-
tration. In these cases, nuclear transfer provides the only means by which these
animals can contribute to the gene pool. A proven sterile animal can provide a minor
tissue sample with no risk to its health and well-being, thus allowing the establish-
ment of somatic cell lines that can be used as donor cells to produce a genetically
identical animal capable of reproduction. Through this process, the animal’s repro-
ductive potential can be recovered and realized.

The ability to recover the genetics of animals that die prematurely or die prior
to sufficient impact of valuable genomics is an important consideration in the horse.
What is the economic impact of producing another genetically identical copy of
Secretariat? What if the reproductive difficulties experienced by this great horse
were environmental in nature rather than genetic? What if the conception rate of his
clone were closer to 80% rather than less than 40%? Other great animals come to
mind that would have a tremendous financial impact on the industry as well as a
potentially significant impact on overall performance characteristics in the breed if
their genetics were still accessible. 
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Obviously, in the case of the duplication of a mule (a sterile hybrid), nuclear
transfer provides the only means for replication of genetic traits of specific animals.
This may also be extended to examples of endangered equines that may also be
reproduced through nuclear transplantation using the horse as the donor oocyte and
as the recipient animal carrying the zygote to term. 

 

5.14 PRACTICAL APPLICATION OF CLONING IN THE 
EQUINE

 

The technology has broad application to horses. Because of the often high unit value
of the horse compared to other agriculture species, the horse may be a species in
which cloning has the most immediate application. The application of this technol-
ogy may be at efficiencies in the horse that are currently unacceptable in other
species. Of further significance may be the lower postimplantation loss currently
experienced in the horse compared to that of other domestic species. However,
additional research and data are necessary before this conclusion can be fully jus-
tified.

As of this writing, four healthy, viable, strong, and normally growing (based on
all parameters measured) equines have been produced by nuclear transfer. None of
these animals has been reported or identified as having any abnormal condition or
developmental state; from all appearances, these animals are indistinguishable from
animals produced by conventional breeding programs. Obviously, additional animals
must be produced to confirm these observations; however, the lack of any detectable
neonatal or subsequent growth problems is encouraging and may suggest that the
equine is a species that will have a reduced rate of postpartum problems associated
with cloning.

The application of cloning technology as a tool for reproduction of select animals
may depend on acceptance of the technology by the horse industry, rather than
efficiency of the technology in production of offspring. Traditionally, this industry
has been slow to incorporate emerging technologies compared to industries repre-
senting other species of agriculturally important animals. The widespread use of
artificial insemination (AI) in this species did not occur until 20 years after this
practice was implemented and commonly used in most other agricultural animals.

Of horse breed associations that allow AI, it has only been in approximately the
last 10 years that the stallion producing the ejaculate did not need to be present on
the same farm as the mare receiving the insemination. Indeed, only in the recent
past have a limited number of breed associations allowed use of “shipped cooled”
semen for insemination of mares. Currently, the Thoroughbred Association (racing
horses) continues to allow registration only of foals produced from “natural” breed-
ing. Therefore, use of cloning could be slow to evolve as an assisted reproduction
tool in the horse industry.
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6.1 INTRODUCTION

 

Among the species used today in biomedical research or for pharmacology and
toxicology studies, the rabbit offers several main advantages over the widely used
rodent models. First, its larger size allows several physiological manipulations to be
repeatedly performed more easily than in small-sized mice [1]. Second, most if not
all toxicology objectives related to reproductive physiology can include longitudinal
analysis because semen and embryos can be obtained from live animals (see the
review in Foote and Carney [2]), which is not feasible in rodents. Third, a large
historical control database exists in the rabbit to distinguish treatment-induced fetal
anomalies from naturally occurring ones [3]. Fourth, the biology and physiology of
the rabbit have been characterized in detail since this species was first used as a
pioneer model at the emergence of mammalian experimental embryology at the turn
of the 20th century [4]. Finally, phylogenetic and genetic comparisons of different
mammalian genomes have clearly shown that rabbit is closer to human than mouse
is [5].

As a consequence, the rabbit is often considered as a pertinent animal model
for specific questioning in basic or medical research. For instance, new functional
properties of the human class I histocompatibility complex have been discovered
from the functional analysis of the rabbit gene, which has exon and intron organi-
zation very close to the corresponding human gene [6]. Atherosclerosis and cardi-
omyopathy are two examples of medical areas that prioritize the rabbit model rather
than the rodent model [7]. Because the structure of the CFTR gene (whose mutation
in humans results in cystic fibrosis) is very similar in the rabbit [8], this species is
considered a better model than the mouse in this research area.

Another example of the potential of rabbit in biomedical research has been
recently provided by Chen and coworkers [9], who showed that the cytoplasm of
rabbit oooytes is able to support the 

 

in vitro

 

 development through to blastocyst of
embryos reconstituted with human nuclei. Although a matter of ethical and scientific
debate, this innovative approach opens new possibilities for the production of human
stem-like cells from given patients and their use as a screen in a pharmacogenetic
optimization of therapeutical treatments. 

For several years the rabbit species has also proven to be a very valuable species
for producing recombinant proteins from the milk of transgenic females [10–12].
This is because it is possible to obtain enough product from the milk of genetically
modified females in a much shorter period of time than with larger species (sheep,
cattle). Today, however, the creation of genetically modified rabbit lines is largely
hampered by the lack of suitable technologies for controlled modifications of the
genome, as is the case in the mouse. In the mouse, targeted germline modifications
are routinely obtained from chimeric embryos produced with genetically modified
embryonic stem cells. Several years ago, some reports claimed that pluripotent rabbit
cell lines can be isolated from embryos to produce chimeric offspring [13]; however,
no evidence indicates that this approach can lead to success in this species. 

Cloning, i.e., the transfer of the nucleus of a genetically modified somatic cell
into a recipient enucleated oocyte, offers an attractive alternative strategy to produce
targeted genetic modifications. The principle of this approach was first proven in
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sheep [14] and more recently in cattle [15]; however, until now it had not been
established in rabbit despite the pioneering achievement in this species with nuclei
isolated from early cleaving embryos [16–20]. Thus, prospects for the future of
genetic modifications in rabbits [12,21] should be viewed with caution.

Recently, however, evidence has been provided that live offspring could also be
obtained from rabbit somatic donor cells [22]. Despite this breakthrough, the effi-
ciency of this nuclear transfer technique has remained low with less than 1% of the
reconstructed embryos able to develop into normal young [23].

This chapter reviews several specificities of the rabbit with respect to nuclear
transfer and explains the technical approaches that have allowed generation of viable
and fertile offspring. It also provides an analysis of the limits in reprogramming
efficiency in comparison with other species. Finally, some ongoing efforts to over-
come difficulties still encountered in this species are reported. 

 

6.2 RECONSTRUCTION OF RABBIT EMBRYOS 
THROUGH NUCLEAR TRANSFER 

 

Oocytes are obtained after hormonal treatment from superovulated females mated
with a vasectomized male to induce ovulation. Ovulated oocytes at the metaphase
II stage are recovered 16 h after mating by flushing the oviducts. Then, follicular
cells surrounding oocytes are removed after enzymatic treatment and pipetting.
Enucleation is performed after staining with a vital DNA dye (Hoechst 33342) by
means of an inverted microscope equipped with micromanipulators, under UV light
control (see Challah–Jacques et al. [23]). During oocyte manipulations, three points
seem to be of great importance:

• Oocytes are very sensitive to the ambient temperature; they must be
handled as quickly as possible above 25

 

°

 

C during the removal of 

 

corona

 

cells, with the minimum of thermal variations to avoid uncontrolled acti-
vation.

• Special care should be taken for enucleation in order to avoid oocyte
chromatin artifactually participating in embryonic development. In the
present case, the activation protocol (also used for SCNT procedure) is
able to lead to 89% blastocysts from nonenucleated metaphasic oocytes
(see the two last lines in Table 6.1).

• The same care must be applied to remove the polar body during the NT
manipulation procedure. Indeed, in a previous experiment from enucleated
oocytes fused with polar body and subjected to the activation protocol,
30% developed through to the blastocyst stage. 

Blastomeres were first used as a source of donor cells in order to confirm previous
successes of several years ago [18,24]. Individual blastomeres (donor cells) were
dissociated from morula stage embryos recovered 

 

in vivo

 

 from superovulated does.
Each of them was micromanipulated individually and placed with the help of a
micropipette beneath the zona of an enucleated oocyte (cytoplast). Direct injection
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of nucleus isolated into the cytoplast can also lead to full-term development as first
demonstrated in mouse [25]; until now, however, this technique has not succeeded
in rabbit.

Electrofusion of a donor cell and cytoplast was done in a fusion chamber between
two electrodes in nonelectrolytic solution (mannitol) with a set of electric pulses
generated by means of an electrostimulator. These electrical pulses are not able to
activate embryos reconstructed from nonaged oocytes (see Section 6.3.2). 

The approach was extended by using cumulus cells surrounding ovulated oocytes
collected from another donor female as donor cells. Cumulus cells were first chosen
as a source of nuclei because comparative studies between different species sug-
gested that cumulus cell-derived cloned embryos have the best potential to develop

 

in vivo

 

 [25] (see the section on nuclear reprogramming also). Fibroblastic cells
cultured from fetal tissues were also used as donor cells because they can be cultured
and seem to support many passages and in vitro genetic modifications.

Reconstructed fused embryos are subjected to an activation protocol that induces
a necessary remodeling and reprogramming of the nucleus — the first important
steps towards a development state (see the sections on activation and nuclear repro-
gramming). 

After electrofusion (see Chesné et al. [22] and Challah–Jacques et al. [23]),
reconstructed embryos are cultured before activation for 1 h in M199 supplemented
with 10% FCS at 38.5

 

°

 

C under 5% CO

 

2

 

 in air. Under these conditions, exposure of
fused nuclei to a metaphasic cytoplast leads to nuclear envelope breakdown and
chromatin condensation induced by a high level of MPF activity (Figure 6.1A and

 

TABLE 6.1
Effect of Different Treatments on 

 

In Vitro

 

 Development after 
Parthenogenetic Activation of Rabbit Oocytes

 

Treatment
First Electrical Activation
1-h Incubation in M199

Second Electrical Activation
and

No. Oocytes
Used

No. Oocytes
Cleaved (%)

No. Blastocysts
(%)

 

Cycloheximide 30 min 48 41 (85.4) 19 (39.6)
Cycloheximide 1 h 48 45 (93.7) 24 (50.0)
Cycloheximide 4 h 48 47 (97.9) 25 (52.1)
6-DMAP 30 min 48 43 (89.6) 32 (66.7)
6-DMAP 1 h 48 46 (95.8) 38 (79.2)
6-DMAP 2 h 48 47 (97.9) 35 (72.9)
CHX/6-DMAP 30 min 52 45 (93.7) 37 (71.1)
CHX/6-DMAP 1 h 130 130 (100.0) 116 (89.6)
CHX/6-DMAP 1 h 
(reconstructed oocytes

 

a

 

)
36 36 (100.0) 32 (88.9)

 

a 

 

MII-karyoplast exchange and removing of polar body by means of micromanipulation
to evaluate the NT procedure effect.
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Figure 6.1D). This situation does not seem to be detrimental for nuclei in G

 

1

 

 of the
cell cycle. It enables chromatin exposure to cytoplasmic components involved in the
remodeling and reprogramming of somatic cell nuclei as suggested by Wells et al.
[26] and is able to support a high rate of development to the blastocyst stage.

After a second set of electrical pulses, reconstructed embryos are incubated for
1 h in the presence of cycloheximide (CHX) and 6-dimethylaminopurine (6-DMAP).
These two drugs are known to permit the passage from a metaphasic to interphasic
cytoplasmic environment and remodeling of nucleus (Figure 6.1B and Figure 6.1E;
also, see the section on activation).

 

6.3 OOCYTE ACTIVATION IN THE RABBIT 

 

Activation refers to the process that allows an oocyte arrested at the metaphase of
the second meiotic division to enter into interphase. Several protocols have been

 

FIGURE 6.1

 

Confocal microscopy images of DNA (A to C) and microtubules (D to F) in
one-cell NT embryos stained with propidium iodide and immunolabelled with an anti-

 

α

 

-
tubulin

 

 

 

antibody. (A,D) Following fusion, NT embryos were cultured for 1 h to induce
PCC before the second set of electrostimulation required for egg activation; PCC led fre-
quently to a misaligned metaphase plate associated with the spindle, and sometimes individual
chromosomes (A, arrows) were localized near the spindle poles (D, arrows). (B,E) After the
second set of electrostimulation, NT embryos were incubated for 1 h in CHX and 6-DMAP;
upon the removal of drugs, 72% of NT embryos (

 

n

 

 = 25) already showed a small nucleus
and an interphasic microtubular network formed (E, arrows). (C to F) One hour later, all NT
embryos were in interphase and 71% (

 

n

 

 = 17) exhibited a single and large pronucleus-like
nucleus such as that observed in rabbit zygotes (not shown) surrounded by microtubules (F,
arrows). Bar = 10 

 

µ

 

m.

b ca

e fd
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proposed to try to mimic what happens in the fertilized egg. For that, several stimuli
such as electrical pulses, ionophores, and specific molecules like inositol 1,4,5-
triphosphate (InsP3) were combined to disrupt the calcium pathway with drugs that
mostly show a broad-spectrum effect to inhibit protein synthesis and/or kinase
activities. 

 

6.3.1 A

 

CTIVATION

 

 

 

OF

 

 F

 

ERTILIZED

 

 E

 

MBRYOS

 

In the fertilized egg, increases in Ca

 

2+

 

 induced by the incoming sperm through the
phospholipase C/InsP3 pathway are essential for cortical granule exocytosis; meiosis
resumption from metaphase II (MII) by stimulating Ca

 

2+

 

/calmodulin-dependent kinase
II activity (CDK); and cyclin B1 degradation by the anaphase-promoting com-
plex/cyclosome (APC/C)-dependent process until pronuclei are formed [27] (reviewed
by Jones [28]). Consequently, CDK1 activity of the M-phase promoting factor (MPF),
which is responsible for chromosome condensation in all metaphasic cells, drops
rapidly to a basal level and the fertilized egg extrudes a second polar body containing
a haploid set of maternal chromosomes. These processes interact with the
MOS/MEK1/MAPK/p90rsk signaling pathway, known as the cytostatic factor (CSF),
and inactivation of these kinases leads to MII exit; APC/C-dependent cyclin degrada-
tion; loss of the spindle integrity; and pronuclear envelope assembly [29].

Whether the MPF/CSF machinery interferes with sperm chromatin remodeling
activities present in the oocyte has not yet been studied. Protamine/histone replace-
ment in sperm chromatin before pronuclear formation depends on removal activities
present after germinal vesicle breakdown and chromatin condensation in the matur-
ing oocyte. This replacement requires the maturing oocyte to synthesize nonhistone
proteins, which directly or indirectly drive histone transfer activity (reviewed by
McLay and Clarke [30]). They are much more efficient during oocyte activation,
probably ATP-dependent, and may be regulated through a Ca

 

2+

 

-dependent process.

 

6.3.2 A

 

CTIVATION

 

 

 

OF

 

 R

 

ECONSTRUCTED

 

 E

 

MBRYOS

 

Physiological equivalences between induced oocyte activation (of the reconstructed
embryo) and spontaneous activation (of the fertilized egg) are still poorly determined
(see, for instance, Fulka et al. [31]). Parthenotes differed from fertilized eggs in the
absence of paternal chromatin and also in several subtle molecular differences, as
shown in the mouse [32] where maternal chromatin exhibited acetylated histones
H4-K5, before pronuclear formation in parthenogenotes but not in zygotes. Thus,
the fact that all activation protocols only partially mimicked what happens in fertil-
ized eggs should always be kept in mind. This has been elegantly demonstrated in
the rabbit, in which application of different electrical pulse regimes to the oocyte
results in differences in their ability to develop to the blastocyst stage — as well as
much further — during postimplantation development [33,34].

Thus, the calcium transients induced by electrostimulation of the oocyte can
have long-lasting effects on development, thereby showing the importance of early
epigenetic modification on the latter patterning of the embryos. These experimental
approaches open new perspectives for a better understanding of basic aspects of
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cellular and developmental physiology [35]; however, they also show that the extent
to which a somatic chromatin can be reformatted into a zygotic chromatin by a
controlled electrophysiological process remains a challenging question for cloning. 

In the rabbit, freshly ovulated oocytes (14 to 15 h after LH-HCG stimulation),
which correspond to “normal” fertilizable oocytes, are poorly activated following
Ca

 

2+

 

 stimulation except when stimuli are frequently repeated [33,34,36–38]. A short
period of “aging” resulting from a 4- to 5-h delay between oocyte recovery and
stimulation (

 

in vitro

 

 aging) or a 2-h delay at oocyte collection (

 

in vivo

 

 aging)
improved activation, but significant development still required repetitive Ca

 

2+

 

 stimuli
[16,17,19,20,39–42]. A longer delay of 

 

in vitro

 

 (8 to 10 h) or 

 

in vivo

 

 (4 to 5 h) aging
is required to bypass this limitation. However, a period of aging also prevents
premature chromosome condensation (PCC) after nuclear transfer because oocytes
are already in interphase 1 h after Ca

 

2+

 

 stimulation. This short timing at the onset
of oocyte activation is probably due to rapid inactivation of kinases involved in the
MII arrest (see Adenot et al. [32] and references listed there). It also occurs when
oocytes aged for a short time are incubated in the presence of 6-DMAP, a broad-
spectrum protein kinase inhibitor, following activation stimuli [22].

After a short period of oocyte aging, the transition from MII to interphase in the
absence of kinase inhibitor lasts 3 to 4 h [39, 43] — similar to that reported with
“normal” oocytes [33]. However, oocytes aged for a short period are known to develop
poorly after fertilization; those aged for a long period do not. For the successful
development of reconstructed embryos, the following dilemma remains: although
oocytes similar to those that support full-term development after fertilization are not
suitable for nuclear transfer, aged oocytes can support early development after somatic
nuclear transfer but may have already lost some of the properties required for full-
term development fertilizable oocytes. Somatic rabbit cloning laboratories are now
using freshly ovulated or oocytes aged for a short time that have been activated with
a combination of Ca

 

2+

 

 stimuli and drugs with the aim to induce a normal timing of
early developmental events (cleavage and blastocyst formation) and an efficient rate
of oocyte activation following nuclear transfer [22,36,41,44–46].

Similar activation protocols are used today with several mammalian species.
However, in contrast to those of other mammalian species, the rabbit zygote has the
particularity of entering the S phase very early after activation [47,48]. Therefore,
the authors considered that the duration of the MII to interphase transition should
be taken into account when establishing an activation protocol for nuclear transfer
in this species. Therefore, the protein synthesis inhibitor cycloheximide (CHX) and
the kinase inhibitor 6-DMAP were tested to determine whether, alone or combined,
they should be used in the activation protocol (Table 6.1, unpublished results).

It was found that a 30-min incubation with CHX, 6-DMAP alone, or with both
drugs is already efficient in activating parthenotes and in obtaining 40, 67, and 71%
of blastocyst rates, respectively. A 1-h treatment with both drugs gives 90% of
blastocyst stage parthenotes. This incubation period with drugs was used for suc-
cessful somatic rabbit cloning [22]. In NT embryos, cytoplasmic exposure in
metaphasic environment of fused nuclei leads to the breakdown of nuclear envelope
and chromatin condensation (Figure 6.1A and Figure 6.1D). Following incubation
for 1 h with drugs, a nucleus is formed and an interphasic microtubule network
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assembled (Figure 6.1B and Figure 6.1E). One hour after the removal of drugs, a
single, large, pronucleus-like nucleus surrounded by interphasic microtubules is
observed (Figure 6.1C and Figure 6.1F), thus indicating that the somatic nucleus
has been reprogrammed and has already entered in the one-cell embryonic cycle.

 

6.4 CELLULAR AND MOLECULAR EVIDENCE OF 
NUCLEAR REPROGRAMMING IN THE RABBIT

 

The first evaluation of nuclear remodeling in the rabbit appeared in studies in which
it was shown that the time required to progress from the zygotic to the blastocyst
stages was similar between fertilized and nuclear transfer embryos. In the rabbit,
this period lasts approximately 120 h when using eight-cell stage blastomeres as a
source of nuclei [16]. These nuclei were thus apparently correctly reprogrammed
because they reverted to the same morphological and temporal developmental pattern
as the zygote.

Another indication of nuclear reprogramming is RNA synthetic activity. The
fusion of both transcriptionally silent gametes is followed by a period of absence
of gene expression and then a period of permissive expression. The transition from
maternal to zygotic control was described at the 8- to 16-cell stage rabbit embryo
[49]. At this stage, all blastomeres are transcriptionally active and synthesize mRNA
and rRNA [50]. After transplantation of 32-cell stage morula nuclei in enucleated
oocytes by electrofusion, the synthesis of nuclear RNAs stops independently of the
cell cycle phase of the donor nucleus within 2 to 12 h after fusion and is weakly
reactivated between the two-cell and four-cell stage. The transcription activity then
rapidly increases through the 16-cell stage, reaching the level typical of 32-cell stage
nuclei in normal rabbit development [50]. Thus, the cytoplasm of the enucleated
oocyte is able to block transcriptional activity of the donor nucleus and to trigger a
new RNA synthesis in nuclear transfer embryos.

These basic observations, however, do not prove that a true reprogramming has
taken place because only a small proportion of cloned embryos of rabbit or other
species develops to term. The chromatin remodeling and reprogramming processes
in embryonic development can also be assessed through the evaluation of genomic
methylation, which largely participates in the epigenetic regulation in cells. Recent
observations point to the importance of DNA methylation, which is one of the
epigenetic parameters involved in genome regulation.

 

6.4.1 E

 

PIGENETIC

 

 R

 

EPROGRAMMING

 

 

 

OF

 

 D

 

ONOR

 

 DNA 

 

AFTER

 

 
N

 

UCLEAR

 

 T

 

RANSFER

 

A complete reprogramming of a somatic nucleus by recipient cytoplasm would result
in an embryo with the same profile of gene transcription as that seen 

 

in vivo

 

 or even
after 

 

in vitro

 

 fertilization. The expression profile of candidate genes provides a first
estimation of the extent to which the donor genome is correctly reprogrammed or
not. This can be monitored in preimplantation embryos by the timing of the onset
of transcription of genes not expressed in the donor somatic cells but required for
embryonic development, or by the switching off genes transcribed in the donor
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somatic cell but not normally transcribed in early embryonic development. With this
latter approach, it was shown that the mRNA profiles of bovine blastocysts obtained
by nuclear transfer of fetal fibroblasts were highly conserved and similar to those
of blastocysts developed 

 

in vivo

 

 or 

 

in vitro

 

 [51].
More extensive studies were performed with the former approach, in which the

expression of some developmentally important genes has been investigated in nuclear
transfer as compared to their 

 

in vitro

 

 or 

 

in vivo

 

 counterparts. Altered levels of
transcripts were found for several growth factors and cytokine genes in nuclear
transfer-generated embryos [52], and the relative abundance of mRNA in nuclear
transfer embryos was shown to be altered by the activation protocol, as well as the
types of donor cells [53].

Aberrant gene expression patterns after nuclear transfer may be involved in the
loss of embryos and fetuses during pregnancy or at perinatal stages [54]. It therefore
appears that even though somatic (or blastomere) genes are switched off upon nuclear
transfer, the genome of the nuclear transfer embryo is not exactly regulated. It
suggests more generally that the kinetics of nuclear remodeling events during the
early embryonic stages is a key factor for the onset of gene regulation. 

In this context, the rabbit species provides an attractive model for studies on nuclear
reprogramming and gene regulation in preimplantation embryos. First, the maternal
to embryonic transition occurs several cell cycles after fertilization, thus providing a
large window of time in which processes related to the progressive gene reactivation
can be investigated. Second, these events can be quickly correlated with full-term
development, which is much shorter in rabbit than in other large animals. Third, some
genes in rabbit embryos that are transiently transcribed at the 8/16 cell stage have been
identified; this makes them good candidates to study the potential alterations of devel-
opmentally regulated genes in relation to nuclear transfer technology [55].

Most genes in differentiated cells are regulated through epigenetic modifications.
The epigenetic modification of DNA in the promoter region of genes is correlated
to gene silencing and is associated with changes in the acetylation of nucleosomal
histone, which may in turn modulate gene expression (review Wade and Kikyo [56]).
Epigenetic information provides instructions on how, where, and when the genetic
information should be used. It does not involve any change to the DNA code and
can persist through one or more generations. A molecular hypothesis put forward
to explain the common mechanisms underlying growth and other abnormalities as
a consequence of cloning by nuclear transfer is that this procedure or the culture of
preimplantation embryos and cells can lead to epigenetic modifications in genes,
which would affect their expression at later stages of development [57–59]. One of
the most studied epigenetic regulations of gene expression in mammals is DNA
methylation, which could be the cause of deregulation of development when it is
modified by external factors [57]. This implication of methylation in abnormal
development finds support in the fact that imprinted genes can suffer alteration of
expression upon prolonged periods of culture in mouse ES-cells or embryos [57,59].
It is generally assumed that reprogramming is associated with an active demethyla-
tion of paternal DNA and a passive demethylation in the embryos as the DNA
replicates up to morula stages [60]. 
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Based on methylcytosine staining, aberrant or incomplete reprogramming was
evidenced in bovine cloned embryos [61,62]. This alteration was associated with
aberrant gene expression and developmental abnormalities during the postimplan-
tation stages of these nuclear transfer embryos [61]. In contrast, neither active
demethylation at the one-cell stage nor further passive demethylation was observed
in the rabbit embryos [63,64]. This suggests that genome-wide demethylation is not
a prerequisite for normal development and that more subtle changes are linked to
the reprogramming process.

In rabbit, the gene reactivation preceding the maternal to embryonic transition
corresponds to a developmental period in which chromatin is progressively remod-
eled, resulting in the progressive establishment of a finely tuned transcriptional
regulation [65]. The rabbit species would be an interesting model to study if subtle
DNA reorganization undetectable by immunostaining is required for normal devel-
opment and to determine which region of the genome must be reset during this
period in nuclear transfer embryos to better explain aberrant reprogramming.

 

6.4.2 I

 

MPORTANCE

 

 

 

OF

 

 D

 

ONOR

 

 C

 

ELLS

 

6.4.2.1 Cell Cycle Stage 

 

Numerous studies in sheep, cattle, mouse, and goat claimed that the use of G

 

0

 

 cells
for embryo reconstruction is beneficial to the development of somatic nuclear trans-
fer embryos [25,26,66–68]. Conversely, in other studies, no difference was found in
the rate of blastocysts obtained with serum-starved (G

 

0

 

) cells or non-serum-starved
cells [69–71] with adult cells. In rabbit, serum starvation of donor cultured fibroblasts
did not improve the rate of development to the blastocyst stage and no viable
offspring was obtained whatever the culture conditions of the donor cells [36].

It is still debatable which cell cycle stage, G

 

0

 

 or G

 

1

 

, results in the best cloning
efficiency. The G

 

0

 

 stage per se seems to have no positive effect on the developmental
potential of nuclear transfer embryos in cattle, pigs, and even mice [72–74]. More-
over, cells in G

 

1

 

 at the moment of nuclear transfer in bovine supported higher
developmental rates 

 

in vivo

 

 [75]. In rabbit, development to blastocysts is greatly
affected by the stage of the cycle of the donor nucleus when using embryonic cells.
Blastomere cycle synchronization appeared to improve cloning efficiency; a bene-
ficial effect of using early stage donor blastomeres was evidenced with donor nuclei
in the G

 

1

 

 phase [76]. Notably, donor cells in S-phase led to chromosome and spindle
disorganization in most cases of PCC in nuclear transfer embryos and to a lower
development to the blastocyst stage [40,77].

The fusion of 17-19hpc aged oocytes with embryonic cells or G

 

0

 

/G

 

1

 

 somatic
cells for embryo reconstruction proved to be the best combination for an optimal
rate of 

 

in vitro

 

 development [22,40,78]. However, the 

 

in vivo

 

 development remained
relatively poorly efficient except for embryonic cloning. Thus suggesting that cell
cycle synchronization only affects the blastocyst rate and that the full reprogramming
depends more on the type of cell used as donor.
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6.4.2.2 Donor Cell Type and Further Development of Nuclear-
Transferred Embryos

 

Various types of differentiated cells have been used as a source of nuclei for cloning
domestic and laboratory animals. The different cells available do not exhibit the
same potential for further development of the reconstructed embryos. Cumulus and
granulosa cells have been extensively used for nuclear transfer in mice, cattle, and
pigs. Comparative studies suggest that cumulus cell-derived cloned embryos have a
better potential to develop 

 

in vitro

 

 and 

 

in vivo

 

 in these species [25,79–81].
In rabbit also, 

 

in vitro

 

 development to the blastocyst stage was affected by donor
cell type. Rate of development with adult fibroblasts ranged from 6 to 18% [36] to
30% [44] and from 6 to 40% with fetal fibroblasts [82]. When cumulus cells were
used, developmental rates were consistently higher, with cultured cumulus cells
(23% to the blastocyst stage [41]) and with fresh cumulus cells (47% [22]). In a
comparative study, Cervera and Garcia–Ximenez [78]. also evidenced a better devel-
opment to the blastocyst stage when using cumulus cells (7%) as compared to fetal
fibroblasts (1%). Although great variability in cloning efficiency can be observed
among species that have been successfully nuclear transferred, almost all donor cell
types tested resulted in live offspring [80,83].

Conversely, only fresh cumulus cells allowed full-term development of nuclear
transfer embryos in rabbit [22]. This specificity of rabbit with regard to full-term
survival points out the need for a better understanding of the regulation of implan-
tation and fetal development processes in this species. The reason why cumulus cells
give the highest cloning efficiency and the lowest number of abnormalities in cloned
animals is not elucidated. It may be related to a more efficient reprogramming process
of the DNA of cumulus cells, as suggested by studies conducted in mice, which
showed that cumulus cell-derived cloned embryos do not have widespread dysreg-
ulation of imprinting [84]. If a less differentiated state of cumulus cells is responsible
for this better ability to nuclear reprogram, then the use of pluripotent cells should
lead to an improved development of nuclear transfer embryos. This is the case with
embryonic cells isolated from morulae (see Section 6.2). However, neither rabbit
ES-like cells derived from ICM of 3- to 4-day-old rabbit embryos nor primordial
germ cells (PGC) isolated from gonads of 18- to 22-day-old fetuses could yield
implanted fetuses [85,86].

The loss of developmental potential observed when using cultured somatic cells
as compared to fresh cells might be associated with culture-induced change in the
donor cell lines. Nuclei from cultured cells may lose their ability to support full and
normal embryonic development with time because of possible accumulation of
genetic or epigenetic alterations. Such genomic instability has been demonstrated in
cultured ES-cells in which changes in imprinted gene expression could be observed
in cells coming from the same subclone [87]. This may contribute to the drop in
implantation observed when mice nuclear transfer embryos were derived from ES-
cells with more than 19 passages [88]. It has also been evidenced in mouse ES-cells
that culture conditions and, especially serum starvation or culture at high cell density,
could induce alterations to methylation and expression patterns of the imprinted

 

TF4006_C006.fm  Page 81  Thursday, June 9, 2005  9:38 AM

Copyright 2006 by Taylor & Francis Group, LLC



 

82

 

Epigenetic Risks of Cloning

 

genes Igf2 and H19 [89]. This could in turn affect the embryonic and fetal devel-
opment of nuclear transfer embryos derived from 

 

in vitro

 

 cultured donor cells.

 

6.5

 

IN VITRO

 

 DEVELOPMENT OF CLONED RABBIT 
EMBRYOS 

 

Media commonly used by different authors for 

 

in vitro

 

 culture of rabbit embryos
are M199, Ham’s F10, KSOM, EBSS, M2 supplemented with serum or bovine
albumin. In the authors’ experiments, short time incubations of oocytes and recon-
structed embryos are done in M199 supplemented with 10% FCS at 38.5

 

°

 

C under
5% CO

 

2

 

 in air. Nuclear-transferred embryos are then cultured overnight in 30 

 

µ

 

l
microdrop of B2 medium (CCD Laboratories, Paris, France) supplemented with
2.5% FCS under mineral oil at 38.5

 

°

 

C under 5% CO

 

2

 

 in air, until the four-cell stage
before transplantation into recipient foster mothers or until blastocyst stage for
evaluation. This medium currently leads to 92.8% development until the blastocyst
stage after culture of control one-cell stage zygotes during 3 to 4 days.

Under these conditions, a large proportion of the embryos reconstructed from
cumulus but also from fibroblast cells cleave (more than 80%), and nearly half of
them routinely developed into expanding blastocyst at day 4. An analysis of total
cell number at two different periods of blastocyst development (day 3 and day 4)
showed, however, that despite their apparently normal morphology, the development
of reconstructed blastocysts is somewhat delayed in comparison to fertilized embryos
or parthenotes (Table 6.2). 

At day 3, the mean cell number of embryos reconstructed with freshly recovered
(cumulus) or cultured (fibroblast) donor cells is similar; however, in both cases, it is
already behind that of fertilized embryos. At day 4, the development of blastocysts
obtained from embryos reconstructed with cultured somatic cells (fibroblasts) lags
behind those reconstructed with fresh cumulus cells; in both cases, however, embryos
are still developing because the total number of cells increases between day 3 and day 4. 

 

TABLE 6.2
Mean Cell Number of Rabbit Blastocysts Obtained after 

 

In Vitro

 

 Culture 
during Days 3 and 4

 

Blastocysts Obtained from
Blastocyst
No. (%)

 

a

 

Day 3
(mean 

  

±±±±

 

 s.e.)
Day 4

(mean 

  

±±±±

 

 s.e.)

 

Zygotes cultured 

 

in vitro

 

 from 1-cell 
stage

52/56 (92.8) 90 

 

±

 

 19 (

 

n

 

 = 17) 193 

 

±

 

 52 (

 

n

 

 = 27)

Parthenotes (activated oocytes) 116/130 (89.6) 73 

 

±

 

 16 (

 

n

 

 = 19) 133 

 

±

 

 41 (

 

n = 19)
NT embryos reconstructed from 
cumulus cell nuclei

215/474 (45.4) 52 ± 18 (n = 16) 94 ± 19 (n = 15)

NT embryos reconstructed from 
fibroblast nuclei 

89/203 (43.8) 54 ± 15 (n = 11) 70 ± 25 (n = 38)

a Number of blastocysts/number of one-cell stage embryos.
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The extent to which this difference between the two types of donor cells depends
on differences in the reprogramming behavior of their chromatin or on differences
in the requirement of the reconstructed embryos during culture becomes an important
question in nuclear transfer research. This is because of the important observation
that, in the mouse, the somatic program of gene expression of the donor nucleus
remains for a while after nuclear transfer [90]. Thus, the metabolic activities of the
reconstructed embryo can differ somewhat, at least at the beginning, from normal
fertilized ones. This may have important consequences for the preimplantation
development of rabbit embryos (in vitro and also in vivo) because of the rapid growth
of the blastocyst before implantation in that species.

It has been shown that two types of rabbit genes were turned on at the onset of
zygotic activity at the 8- to 16-cell stage: one corresponds to genes expressed
transiently and the other to genes expressed in the long term [55,91] and includes
several mitochondrial genes with rapidly increasing levels of gene expression
(authors’ unpublished observations).The role of microenvironment on the develop-
mental kinetics of reconstructed rabbit embryos and its consequences on postim-
plantation development are now under investigation in the authors’ laboratory using
appropriate genomic tools (Duranthon et al., unpublished data).

6.6 IN VIVO DEVELOPMENT OF RABBIT EMBRYOS 
RECONSTRUCTED FROM SOMATIC CELLS

In rabbit species, the degree of synchrony between the physiological status of the
recipient and the developmental stage of the embryo at the time of transfer is
important because of the narrow window for implantation in this species. Highest
rates of full-term development are obtained with normal fertilized embryos under
synchronous conditions — that is, when embryos are placed in the tracts of the
recipients at the corresponding corpus luteal stage [92]. Transfer of manipulated
(frozen–thawed) rabbit embryos into recipients ovulating after donors is beneficial
for the survival rate [93].

In rabbit, implantation is completed at day 7.5 after mating and the presence of
glycoprotein layers around the embryo (the mucin coat deposited during the oviducta
transit) is an important factor for normal implantation. Mechanical removal of this
mucin coat or its absence in embryos cultured in vitro from the one-cell stage and
transplanted at the blastocyst stage directly in the uterus affects the postimplantation
developmental potential of the embryos [94,95]. Thus, transfer of early manipulated
embryos must be done as soon as possible, after a short time culture.

Development is poor when NT embryos or parthenogenetically activated oocytes
are transplanted through the infundibulum at the one-cell stage into recipient females
mated with vasectomized males at the same time as donors of oocytes (synchronous
recipients). Taking into account the delayed development of NT embryos requires
the transplantation into foster mothers during (or even before) ovulation, which in
the rabbit occurs approximately 11 h after mating [96] (C. Thibault, personal com-
munication). Surgical transfer of eggs shortly after mating is compatible with term
development [97]; however, in the authors’ experience, embryo transfer performed
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at or around the ovulation period dramatically affects the physiology of the recipient.
To overcome this barrier, NT embryos were cultured overnight up to the four-cell
stage before they were transferred into recipients mated 16 h (or 22 h) after oocyte
donors (asynchronous recipient, see Schema 6.1). 

It was demonstrated in these conditions that pregnancy rates obtained after
transfer of nuclear transfer embryos or parthenotes into asynchronous recipients
(–16 h) were increased compared with synchronous transfer, thus providing evidence
that the delayed development of nuclear transfer embryos was (at least partially)
compensated for by transferring them into an asynchronous environment (Table 6.3).
With synchronous transfers, the rate of implantation at day 8 (as assessed after
slaughtering recipients) was very low and no morphologically normal blastocyst
could be recovered.

These physiological conditions for the transfer of NT embryos into recipients
were decisive for the postimplantation developmental potential of rabbit embryos
reconstructed with nuclei of two different donor cell types:

• Cumulus cells, which can be cultured only for a few days [41] and had
already proven to be a suitable source of nuclei for full-term reprogramming

• Fibroblastic cells, which can be easily grown in vitro for periods long
enough to be compatible with targeted genetic modifications as shown in
sheep or, more recently, in cattle [14,15]

In all cases, pregnancies at midgestation were evaluated by abdominal palpation or
echography at day 14.

From 32 asynchronous recipients (–22 h) that were transplanted with four-cell
stage embryos reconstructed with cumulus cells (n = 458, 13 embryos/recipient),
11 were diagnosed pregnant after abdominal palpation at day 14 (34.4%) and 5
(15.6%) conducted their pregnancies to term, resulting in the birth of seven live kits
(see Table 6.4). In terms of kits born from total embryos transplanted (1.5%, 7 out
of 458), efficiency was in the range of those obtained in other domestic mammal
species after NT from differentiated cells. The seven living kits were born from 146
embryos transplanted (4.8%) in five pregnant females.

Opening of the 6 (out of 11) recipients that aborted in the second half of
pregnancy following bleeding or delivery behavior (pulling out hair) revealed the
presence of five dead fetuses and 13 cotyledons and resorbing tissues. These obser-
vations indicate that failure in one of the fetuses may lead to complete abortion of
the whole litter. In one case, however, the presence of two additional small cotyledons
was observed after cesarean section at day 31 and the birth of two live twin kits.
Moreover, in this last case, one of the kits was very small (30 g) compared to the
other (60 g) and died 2 days later. 

Rates of success were even lower when cultured fibroblasts were used as donor
cells. When primary culture grown up to 50 days in vitro (about eight passages) is
used as a source of nuclei, one live kit was obtained after cesarean section (performed
at day 32 of pregnancy) (Challah–Jacques et al., to be published). In this experiment
(see Table 6.4), nearly 20% of the recipients (19.0%, n = 8) had been diagnosed
pregnant at day 14. The live kit was of a normal size at birth (7.5 cm crown–rump)
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with a beating heart, but its forebrain was dramatically reduced in size (microceph-
aly) and it died soon after delivery. Other developmental anomalies were also found
on several aborting recipients, in the second half of pregnancy, that were opened

SCHEMA 6.1 Experimental design to assess the effect of synchronization between nuclear
transfer embryos and recipient female in rabbit. Oocytes and cumulus cells were recovered
from superovulated donor females 16 h postcoïtum (PC) to vasectomized males. Nuclear
transfer (NT) procedure (oocyte enucleation, insertion of cumulus cell and electrofusion) was
done between 16 and 19 h after mating of donor females. One hour after fusion, activation
was accomplished by subjecting NT embryos to a second set of electrical stimulations
followed by incubation in the presence of cycloheximide and 6-dimethylaminopurine. In the
first experiment, recipient females were mated with vasectomized males at the same time as
donor females (synchronous). Nuclear-transferred embryos were transplanted at the one-cell
or four-cell stage. In the second experiment, the mating of recipient females to vasectomized
males was delayed for 16 h (asynchronous –16 h). Activated oocytes were also transferred
to synchronous or asynchronous (–16 h) recipients at the one-cell or four-cell stage. Implan-
tation rate was assessed after slaughtering of recipients at day 8 (see Table 6.3). Mating of
recipient females to vasectomized males was delayed for 22 h (asynchronous –22 h). In this
set of experiments, four-cell NT embryos were transferred to recipient females and in vivo
development until term was compared with one-cell stage NT embryos transferred into
synchronous recipient.
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between day 22 and day 25. It is thus likely that pregnancies were compromised by
a lack of synchrony between the recipient mother and the embryo as well as by
misregulations in embryonic development.

TABLE 6.3
Implantation after Transfer into Synchronous or Asynchronous (–16 h) 
Rabbit Recipients at Day 8

Type of Embryos
Transplanted

Type of
Recipients

Pregnant
Recipients

at Day 8/Total
Transferred

No. Implantation
Sites/No. Embryos
Transferred into

Pregnant Recipients
(%)

No. Implanted
Blastocysts/No.

Recovered

Fertilizeda (one cell) Synchronous 5/6 (83%) 30/80 (37.5)a 9/9
Parthenotes (one cell) Synchronous 8/20 (40%) 17/78 (21.8)a 0/1
NTb (one cell) Synchronous 5/16 (31%) 7/91 (7.7)b 0
Parthenotes (four cells) Asynchronous 5/9 (55%) 15/44 (34.1)a 3/3
NTb (four cells) Asynchronous 6/13 (46%) 12/59 (20.3)a 1/7

a One-cell stage embryos collected from superovulated and fertilized females.
b NT embryos from cumulus cells.
Note: Values with different letters were significantly different (P < 0.05).

TABLE 6.4
In Vivo Development of Rabbit Somatic Nuclear Transferred 
Embryos: Effect of Donor Cell Culture

Source of Nuclei Fibroblasts
Cumulus

Cells

Time in culture: no. passages 33 < P < 40 P ≤ 8 None
No. embryos transferred [no. replicates] 323 [24] 765 [52] 458 [36]
No. of recipients: total transferred 23 42 32
Pregnant [% from transferred]

at day 10
at day 14
at day 18
at day 22
at day 28

0
28 [66.7]a

8 [19.0]
3 [7.1]b

2 [4.8]c

1 [2.4]

11 [34.4]
10 [31.2]
8 [25.0]
6 [18.7]

Delivering [% from transferred] 1 [2.4] 5 [15.6]
No. kits born [% from embryos transferred] 1 [0.13] 7 [1.5]

a Diagnosed after recipient slaughtering.
b Four fetuses.
c Three fetuses.
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No pregnancies could be established after transfer of embryos reconstructed with
nuclei isolated from established cell lines. These cells could be kept with a low rate
of aneuploidy during culture, and their ability to grow them routinely during about
120 days (up to 40 passages) made them an attractive candidate for targeted genetic
modifications. However, the disappointment that resulted from the lack of any
positive diagnosis after palpation of recipients at midgestation was a convincing
demonstration that much remains to be learned before nuclear transfer can be used
for producing rabbit models of human diseases through targeted transgenesis.

6.7 RABBIT CHIMERIC OFFSPRING PRODUCED FROM 
SCNT EMBRYOS: AN ALTERNATIVE WAY TO 
REPROGRAM RABBIT FIBROBLASTS UP TO TERM?

The preceding data demonstrate that full-term reprogramming of nuclei from cul-
tured somatic cells is an achievable goal in the rabbit. Meanwhile, they also show
that it will be a long time before the first successes achieved in rabbit a long time
ago with embryonic nuclei [16] or more recently with somatic nuclei [22] can be
turned into applications. These applications deal mainly with the production of
genetically modified founder bucks from which new lines of rabbits could be derived
and used as animal models in biomedicine, pharmacology, and toxicology. This
implies obtaining live offspring as well as ending up with germline transmission of
the modified genes after mating. 

A recent study in the mouse shows that a simple procedure of clone–clone
embryo aggregation at an early stage can improve cloning outcomes [98]. This
procedure increases the total cell number of the embryo and can even compensate
for deficient expression of genes implicated in peri-implantation development, such
as oct-4; consequently, the rates of postimplantation and full-term development can
be markedly increased. This approach exploits the long-lasting observation that,
when precompacted mammalian embryos are brought close to each other, the blas-
tomeres from each embryo will reorganize together to produce a single chimeric
embryo [99].

This ability to form blastocysts after aggregation of embryonic cells can even
cross species boundaries to produce individual offspring that not only have more
than two parents but also have cells from more than two species [100]. It has also
been shown, using normal and parthenogenetic blastomeres, that normal embryos
are able to stimulate the development of parthenogenetic blastomeres up to term in
reconstructed bovine chimeric embryos [101]. The degree of contribution of blas-
tomeres to different lineages in chimeras can thus be used as an assay of the
developmental competence of manipulated cells. It can be affected by the genotype
of aggregated cells. 

The rabbit embryos reconstructed with embryonic cells can result in chimeric
animals [102,103]. In this species, a high proportion of embryos reconstructed with
different somatic cell types can develop into blastocyst in vitro [22,36,44,45,104–107].
Thus, the potential of embryo aggregation was explored not only to produce chimeric
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offpsring but also, more importantly, to examine whether germline transmission could
be obtained from reprogrammed cells. 

For this, two different lines of rabbits with distinct phenotypes were used: the
New Zealand breed (NZW), which is a white-coated animal, and the Fauve-de-
Bourgogne (FdB) with a brown coat. The abilities of 8- to 16-cell stage blastomeres
of the FdB breed to contribute to the development of fertilized NZW embryos were
compared. Those cloned blastomeres were obtained from cumulus or fibroblast donor
nuclei. They can easily be obtained after nuclear transfer, therefore allowing the
reconstruction of enough embryos to analyze their contribution in chimeric live
offspring, including germline transmission.

6.7.1 CHIMERA PRODUCTION (SEE SCHEMA 6.2) 

In this work chimeric young born rabbits were identified by coat color (skin and
hair) pattern pigmentation. When two cloned blastomeres (FdB breed) were intro-
duced into host embryos produced in vivo from the NZW breed, one would expect

SCHEMA 6.2 Cumulus (NT-CC/FdB) or fetal fibroblasts (NT-FIB/FdB) were fused with
enucleated NZW oocytes. The resulting cloned embryos were dissociated into individual
blastomeres at the 8- to 16-cell stage; two of these blastomeres were introduced into host
NZW embryos produced in vivo at the 8- to 16-cell stage (approximately 46 h postfusion)
using a pipette with an inner diameter of about 30 µm (Schema 6.2). The chimeric embryos
were transferred into oviducts of synchronized pseudopregnant recipients of NZW breed. The
number of transferred chimeric embryos per oviduct varied between four and eight, depending
on the availability of embryos on a given day.

Nuclear
transfer

Chimera
production

Normal in vivo fertilized
8–16 cells

Normal in vivo fertilized
8–16 cells

Enucleated oocytes

FIB/FdB CC/FdB

or

Fusion
Activation

Culture up to 8–16 cell

NT-FIB/FdB
embryos

NT-FIB/FdB
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+
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to see overt coat color chimera formation if the cloned cells were capable of
participating in normal development. Table 6.5 shows the results.

In the first series of experiments (three replicates), 58 chimeric embryos (2 NT-
CC/FdB-derived blastomeres into host 8- to 16-cell stage NZW embryos) were
transferred into the oviducts of six recipients, resulting in the birth of 18 living
young (Table 6.5). Out of these, three (17%) exhibited a mixed-color coat, with
large white bands alternating with colored ones. The degree of chimerism, as
judged by the distribution of pigmentation from the cloned FdB cells, was high (see
Photo 6.1). Two of these chimeras were females and one was male, but none of the

TABLE 6.5
Chimeric Rabbits Developed from Reconstructed Embryosa

No.
Replicates

No.
Host

Embryosb

Type of
Blastomeres

Added to Host
Embryosc

No. Embryos
Transferred/
Recipients

(No. Pregnant
Recipients)

No.
Newborn
Rabbitsd

No.
Somatic
Chimeric
Rabbits

(%)e

No.
Germline

Transmission/
Newborn in 

F1

3 58/N 2/ NT-CC/FdB 58/6 (5) 18/58 (31) 3/18 (17) 0/35
2 65/N 2/ NT-FIB/FdB 65/4 (3) 17/65 (26) 0/17 0/46

a Cloned and in vivo-produced blastomeres.
b N: normal in vivo fertilized embryo of the New Zealand breed at 8- to 16-cell stage (host embryo).
c NT: blastomeres obtained from 8- to 16-cell stage embryos reconstructed with nuclei of cumulus
cells or fibroblastic cells.
d Percentage from transferred embryos.
e Percentage from kits obtained.

PHOTO 6.1
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35 offspring obtained after the mating of these chimeric animals with pure-breed
white NZB had a colored coat. 

In the second series of experiments, 65 chimeric embryos obtained from
fibroblast-derived blastomeres (2 NT-FIB/FdB-derived blastomeres injected into
host NZW embryos) were transferred into the oviducts of four recipients, and 17
live young were obtained and grown to adulthood. No coat pigmentation typical
of the FdB breed in the skin or in the hair was detected and no evidence of
chimerism could be obtained from the 46 offspring obtained from 17 such
animals. These results indicated that the NT-FIB/FdB-derived blastomeres were,
in fact, poorly competent for in vivo development even when aggregated with
normal embryonic cells. Occasionally, however, a chimeric offspring can be
obtained (R. Skzryszowska and Z. Smorag, personal communication).

The results of chimeric experiments confirmed that nuclei of cumulus cells
supported development up to term. The survival and contribution of cloned blas-
tomeres in chimera offspring are probably influenced to a considerable extent by
environmental conditions mediated by the cells from embryos produced in vivo.
There is evidence for metabolic cooperation between different cell types through
permeable cell junctions that enable metabolic deficient cells to function normally
[108]. Developing intercellular junctions between blastomeres of different origins
might play a role in communication and subsequently enhanced development of the
chimeric embryos [109].

Similar interaction between cloned and in vivo-produced blastomeres can sup-
port cloned cells in the reconstructed embryo. The failure of the NT-FIB/FdB
blastomeres to participate in chimera formation reflects their poor ability to repro-
gram beyond the blastocyst stage [36]. However, this does not prevent further
development into fetuses as evidenced from the authors’ work (see Table 6.4) and
that by others [105,107,110]. The authors’ data point to the crucial importance of
culture conditions of donor cells because extending their number of passages com-
promised the postimplantation development of reconstructed embryos. This result
confirms the data published in a previous report in which chimeric transgenic fetuses
could be obtained using cultured somatic cell nuclear transfer, but only up to about
midgestation (15 dpc) [111].

Several key issues should be considered in producing developmentally compe-
tent cloned rabbit embryos/blastomeres from fibroblast cells as nuclei donors. First,
a direct injection method [25,112], in which the volume of donor cytoplasm incor-
porated into enucleated oocytes is smaller, might improve the outcome. Second, a
double nuclear transfer method [79] in which a karyoplast (containing a repro-
grammed pronucleus) is transferred to an enucleated zygote might also improve the
developmental competence of rabbit-cloned blastomeres. Third, use of pluripotent
cloned embryonic stem cells for chimera production might possibly result in devel-
opment into fetus if reprogramming of cloned cells is sufficient. 

6.8 CONCLUSION

The rabbit has been used for many years in pharmacology and toxicology studies
in numerous laboratories. This species is receiving renewed attention today because
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of its greater proximity to humans than the mouse and the requirement of more than
one animal model to validate any new therapeutical procedure or pharmaceutical
treatment. The rabbit embryo is also a pertinent model to study basic aspects of
early embryonic development; a long tradition of academic research with this species
exists (see, for instance, Pincus and Werthessen [113]).

The potential of rabbit in biomedical research has been recently extended by
Chen and coworkers [9], who showed that the cytoplasm of rabbit oooytes is able
to reprogram human somatic nuclei into pluripotent embryonic-like (ES-like) human
stem cells. Although it is a matter of ethical and scientific debate, this innovative
approach opens new possibilities for the production of embryonic cells from given
patients and their use as a screen in pharmacogenetic studies.

In comparisons with other mammalian species, however, the rabbit appears to
be less amenable to reprogramming through nuclear transfer. This impedes the use
of this technology to generate genetically modified animals — an awaited perspective
in biomedical research. The authors demonstrated a few years ago that rabbit somatic
nuclear transfer is an achievable goal and have provided here experimental evidence
that improvement in the overall efficiency of this technique remains a reasonable
research objective. Together with the rapid enrichment of knowledge on the genetic
makeup of the rabbit genome [114], this has already caused consideration of the
rabbit as complementary to the mouse in several areas of modern biology and
medicine. 
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7.1 INTRODUCTION

 

Beckwith–Wiedemann syndrome (BWS) is a congenital disorder associated with
various findings, including macrosomia, macroglossia, midline abdominal defects,
and a predisposition to embryonal cancer (MIM 130650). Genetic mutations [1] and
a loss of imprinting (LOI) of a group of imprinted genes occurring on 11p15 are
involved with BWS [2]. The epigenetic changes include aberrant methylation and
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imprinting of LIT1 occurring in 42% of patients (MIM 604115) [1,3]; H19 in 11%
of patients (MIM 103280) [1]; or a combination of these two in 13% of patients in
the setting of uniparental disomy (75%) or in conjunction with an extensive imprint-
ing disturbance throughout 11p (25%) [1]. 

 

7.2 ASSOCIATIONS CONCERNING BWS, ANGELMAN 
SYNDROME, AND ART

 

Recently, an association between assisted reproductive technology (ART) and con-
genital malformation syndromes was documented [4,5]. Three groups have reported
an increased rate of ART conceptions among children with BWS [4,6,7]. Taken
together these results suggest that approximately 4% of the children with BWS were
born after ART [4,6,7]. 

Imprinting abnormalities are also associated with Angelman syndrome, which
is characterized by mental retardation, motor defects, and lack of speech; recent
studies have implicated ART in some cases of Angelman syndrome (MIM 105830)
[5]. In this syndrome, children are born with imprinting abnormalities of a gene
cluster on chromosome 15, resulting in a loss of function of the maternal allele of
Ubiquitin-protein ligase E3A (UBE3A) (MIM 601623) [8]. In three cases, children
with Angelman syndrome were conceived after 

 

in vitro

 

 fertilization (IVF) with
intracytoplasmic sperm injection (ICSI). This gives further support for the associa-
tion between congenital malformation syndromes with imprinting mutations and
ART [5,9].

 

7.3 CULTURE MEDIUM DOES NOT CAUSE BWS TO 
OCCUR AFTER ART

 

Based on work in animal models, we initially hypothesized that the culture medium
used for the embryos or blastocysts could be a common factor among children with
BWS born after IVF. Thompson et al. demonstrated that they could decrease the
frequency of large offspring syndrome (LOS) in farm animals following ART by
changing the protein supplementation in the culture medium from sera to albumin
and amino acids [10]. LOS refers to a syndrome that occurs in sheep and cows
developed through ART [11]. Also, Doherty et al. showed that, in preimplantation
mouse embryos, the type of culture medium could alter the expression of H19 [12].

To test the hypothesis that the culture is the cause of BWS after ART, a review
was conducted of laboratory data from the reproductive endocrine centers of mothers
in the BWS Registry who gave birth to children with BWS following ART. Parents
of children born with BWS were asked to fill out a questionnaire that specifically
asked whether ART was used. If ART was utilized, then the type of ART was
ascertained (i.e., IVF, IVF with ICSI, gonadotropin stimulation with IUI, or clomi-
phene citrate stimulation with natural intercourse). The medical records from the
Reproductive Endocrinology and Infertility Centers were then obtained for further
review. 
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Nineteen patients were found whose mothers had undergone some type of ART.
The reproductive endocrine medical records of 12 of 19 mothers were obtained, and
each medical record contained extensive information on ART treatment and man-
agement course. Interestingly, all 12 mothers were treated at different reproductive
endocrine and infertility centers. Ten out of twelve of the patients underwent IVF.
Of the 10 mothers who received IVF, 50% underwent ICSI. One of the five mothers
had a partial ICSI procedure with half of the embryos inseminated by traditional
insemination and the other half inseminated by ICSI. In five sets of dizygotic twins
among the women who had IVF, only one twin was affected. In the two patients
who were not conceived through IVF, one child was conceived through clomiphene
citrate stimulation and artificial insemination of donor sperm, and another patient
was conceived through gonadotropin stimulation with intrauterine insemination.
Table 7.1 describes the method of ART in the 12 children.

All twelve women received some type of ovarian stimulatory medication. Two
mothers received medications alone (clomiphene citrate or gonadotropins) and ten
mothers received ovarian stimulation as part of their IVF treatment. The quantity of
gonadotropins administered for stimulation ranged from 16 to 102 ampoules for the
ten women who received IVF. 

The number and timing of embryos transferred also varied (Table 7.2). The
number of embryos/blastocysts transferred varied from one to eight. Five of the
patients had embryo transfers three days postfertilization; the other five had blasto-
cysts transferred on day 5.  

 

TABLE 7.1
Sources for Comparison of Features of 
LOS Resulting from ART to 
Beckwith–Wiedemann Syndrome

 

Feature
LOS Resulting

from ART
Patients

with BWS

 

Hypoglycemia [13] [1,14,15]
Macrosomia Cattle [16,17]

Sheep [18,19]
[1,14,15]

Organomegaly Cattle [20]
Sheep [23,24]

[21,22]

Polyhydramnios Sheep [24] [14,25,26]
Placentomegaly [27] [28–30]
Altered IGF-II molecular 
signaling

[31] [1,4]
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Similarly, great variation was present in the media, and no common media were
discovered. Five different types of media were used for embryo culture. The media
included (Table 7.2):

• Sequential media from G1 to G2 (

 

in vitro

 

 life) for blastocysts (

 

n

 

 = 3)
• Human tubal fluid or HTF (Irvine media) + serum substitute supplement

(SSS) (

 

n

 

 = 2)
• P1 (

 

n

 

 = 1)
• P1 + SSS (

 

n

 

 = 1)
• Cook’s sequential media (

 

n

 

 = 1)
• Sequential media of P1 + SSS and then HTF (

 

n

 

 = 1)
• Sequential culturing in HTF, then P1 media, and then blastocyst media +

SSS (

 

n

 

 = 1)

G1, G2, blastocyst medium, and Cook’s sequential medium contained a number
of amino acids; HTF and P1 had no amino acid constituents. Each of the media
combinations had a human sera albumin component as a supplement (SSS) or within
the media (G1,G2, and Cook’s sequential media) except for one case of P1 alone. 

The only common factor discovered so far is that all 12 women received some
type of ovarian stimulatory medications. Because the study group is small,
these findings and the conclusions that can be drawn are limited. Another possible
hypothesis that has not been examined may be that mothers of children with BWS
have an underlying infertility problem that may be associated with the disease.
However, this is unlikely because none of the mothers had features characteristic of

 

TABLE 7.2
Associated Reproductive Techniques Used before 
Conception in Children with BWS Born after ART

 

Patient Day of Transfer Use of ICSI Culture Media

 

Patient 1 3 No P1 +SSS
Patient 2 5 Yes G1, G2
Patient 3 5 Yes G1, G2
Patient 4 5 No HTF +SSS
Patient 5 5 No P1 blastocyst media
Patient 6 3 Partial HTF +SSS
Patient 7 3 Yes P1 +SSS, HTF
Patient 8 3 No P1
Patient 9 3 Yes Cook’s sequential
Patient 10 5 No G1, G2

 

Assisted Reproduction Without IVF

 

Patient 11 Clomiphene citrate and intrauterine insemination
Patient 12 Ovulation induction and intrauterine insemination
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BWS. At this point, larger prospective studies need to be initiated to learn whether
an association between ART and BWS truly exists. 

 

7.4 LOS AND BWS

 

The association between Beckwith–Wiedemann syndrome and assisted reproductive
technology receives indirect support from a phenomenon observed in cattle and
sheep known as the large offspring syndrome (LOS). Like BWS, LOS is associated
with reproduction technology — specifically, 

 

in vitro

 

 embryo production (IVP). This
section describes the significant phenotypic and molecular overlap between BWS
and LOS. 

 

7.4.1 M

 

ACROSOMIA

 

 

 

BWS is one of several congenital syndromes associated with macrosomia. However,
in BWS the macrosomia occurs primarily prenatally. Defined as birth weight above
the 90th percentile, macrosomia was present in 65% of cases in the BWS registry
(95% CI 60–70) and 58% of children with BWS resulting from ART (95% CI 36–77)
(M. DeBaun, BWS Registry, unpublished data). Likewise, the most distinctive fea-
ture of LOS is the increase in birth weight. 

Several studies on calves have compared the birth weights of animals derived from
IVP and compared them to those of calves derived from artificial insemination or
natural mating [17,27,32–36]. Increased birth weight was initially thought to be the
sole abnormality found in calves produced 

 

in vitro

 

 [35]. Since then, several groups
have confirmed an increase in the average birth weight among groups of calves derived
from IVP compared to control groups derived from artificial insemination or natural
mating [32,33,35,36]. An increase in mean birth weight between these groups appears
to result from an overgrowth phenotype that affects only a portion of the calves derived
from 

 

in vitro

 

 production [17,32]. This suggests that, like BWS, LOS appears in a
fraction of the individuals undergoing 

 

in vitro

 

 procedures. 
Similarly, IVP of ovine embryos has also led to increased birth weights among

sheep [10,19,23,37–39]. The increased average birth weight in sheep derived from
IVP was the first abnormality noted to be associated with 

 

in vitro

 

 procedures [38].
As in bovines, only a proportion of ovine offspring derived from IVP appear to be
macrosomic [38]. Not only are the effects on birth weight observed in a subset of
lambs, but individuals within groups appear variably affected; particular lambs five
times the average birth weight [38] have been reported. 

Macrosomia, the cardinal feature of BWS and LOS, is common after IVF and
IVP, respectively. The pathogenetic mechanisms underlying macrosomia in BWS
and LOS are unknown. 

 

7.4.2 O

 

RGANOMEGALY

 

In addition to macrosomia, patients with BWS have organomegaly — specifically,
heart, liver, kidney, and tongue [14,22]. Similarly, the organ weights of large farm
animals derived from IVP have been shown to be higher than those in control
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animals, a finding initially attributed to the presence of macrosomia in animals with
LOS [20]. Enlarged liver [23,34]; heart [20,23]; kidney [23]; testicles [39]; and
portions of the hind leg [23,34]; have been observed. The use of allometric growth
coefficients allowed an evaluation of organ growth in macrosomic individuals to
determine whether the organ enlargement is beyond that to be expected in mac-
rosomic individuals [23,24]. Although growth out of proportion to the body size has
been clearly demonstrated [40], organomegaly is not present in all macrosomic
animals in LOS [37]. 

 

7.4.3 P

 

OLYHYDRAMNIOS

 

 

 

Polyhydramnios, increased fluid in the amniotic sac, has been identified in a number
of cases of BWS and was found in 40% (95%CI 35–46) of the patients in the BWS
Registry and 74% (95%CI 51–88) of children with BWS conceived after ART [26].
Polyhydramnios is one of the most common abnormalities observed during a preg-
nancy that results in a child with BWS. 

Polyhydramnios has also been reported during pregnancies from ovine embryos
produced 

 

in vitro

 

 [40], as well as bovine pregnancies [16,17] under similar condi-
tions. Whether all or most of these pregnancies resulted in calves with high birth
weights or other features of LOS has not been clarified. Nonetheless, polyhydram-
nios appears to be a common feature of BWS with and without ART as well as
following IVP.

 

7.4.4 A

 

BNORMALITIES

 

 

 

OF

 

 

 

THE

 

 P

 

LACENTA

 

The placenta is abnormal and enlarged in BWS. A number of characteristic lesions
of the placenta have been reported to be significantly associated with BWS. In at
least some proportion of cases of BWS, the placenta is characterized by villous
hydrops without trophoblast hyperplasia. This is an unusual histopathologic finding
in the placenta because villous hydrops is almost always found associated with
trophoblast hyperplasia in the setting of hydatidiform mole and isolated villous
hydrops [28]. In addition, the presence of mesenchymal dysplasia, an increase in
the connective tissue between the fetal circulation and the trophoblast, has also been
found in a significant proportion of cases of BWS [29,30]. 

The finding of hydrallantois in LOS suggests that, as in BWS, LOS may be
characterized by abnormalities of the placenta [16]. However, no formal microscopic
examination of the placenta to determine whether findings such as villous hydrops
or mesenchymal dysplasia are present in the placenta of LOS has been reported.
The only reported abnormalities of the placenta in LOS have been that of a smaller
number of normal placentomes, a unit surrounding the spiral arteries, in the placentas
of animals with LOS [20]. The significance of this finding and whether it might
relate to histopathologic placental abnormalities are unclear. 

The specific characteristics of the placenta in LOS are unknown; however, the
size of the placenta is enlarged in LOS. Some groups have proposed that the spectrum
of overgrowth and physiologic abnormalities of LOS may result from perturbations
in placental function [13,27]. This hypothesis is supported by a positive correlation
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between fetal and placental weights in LOS [24]; however, separate studies have
suggested cases of LOS in which no correlation exists [23,37]. 

Irrespective of whether the placenta abnormalities can account for the over-
growth phenotypes in LOS, abnormal placental phenotypes are observed in LOS
and BWS. Placentomegaly occurs in both syndromes, although it is unclear whether
the causes of the placentomegaly are equivalent. Histopathologic and functional
placental studies will need to be performed before conclusions can be drawn. 

 

7.4.5 M

 

OLECULAR

 

 A

 

LTERATIONS

 

 

 

IN

 

 IGF II S

 

IGNALING

 

The molecular etiology of BWS is related to abnormal methylation or imprinting
of genes on chromosome 11p15. A number of different genetic and epigenetic
molecular abnormalities have been identified in patients with BWS. Approximately
42% of BWS patients have aberrant methylation and imprinting of LIT1, an untrans-
lated RNA in the KvLQT1 gene [1,3]. Approximately 11% have aberrant methylation
of H19 [1], an untranslated RNA associated with abnormal expression of insulin-
like growth factor 2(IGFII). Approximately 13% of patients with BWS have altered
methylation of H19 and LIT1. Of these, 75% have uniparental disomy (UPD) of
11p15 and the remaining 25% have an extensive imprinting disturbance throughout
11p15 [1,2]. Finally, 5% of BWS patients have a mutation in P57

 

K1P2

 

 [41]. In children
without BWS born after ART, abnormal methylation of HI9 and LITI has been noted.
Abnormality methylation of HI9 is associated with loss of imprinting of IGF2 [1].

Similarly, in large farm animals born after IVP, abnormal imprinted genes
associated with growth have been identified — specifically, IGF2 receptor. A caus-
ative role for IGFII has been proposed in LOS [42]. This hypothesis has been tested
in LOS in sheep [31]. In a group of 12 sheep born after IVP, 9 sheep appeared to
share loss of methylation at a differentially methylated region of the IGFII receptor
gene. 

 

7.4.6 D

 

ISPARATE

 

 F

 

EATURES

 

Although BWS and LOS share similar features, a number of features appear to
differ. Much of the clinical significance of BWS originates from the increased
incidence of embryonal tumors [15]. Some evidence suggests that LOS may be
characterized by embryonal tumors; however, the incidence is low and highly vari-
able (K. Sinclair, personal communication). In addition, a number of the congenital
malformations characterizing BWS, such as abdominal wall defects, ear defects, and
hemihypertrophy, have not been reported in LOS.

Parturition is clearly affected in BWS and LOS, but with opposite effects.
Children in the BWS Registry were delivered preterm at a substantially higher rate
(40%) than the general population [26]. The higher rates of polyhydramnios and
preeclampsia appear to contribute to the higher rate of preterm births. However, a
substantial fraction (12%) of these pregnancies had preterm labor requiring hospi-
talization and tocolysis [26]. In contrast, in cattle [32] and sheep [38], LOS appears
to be characterized by a failure to go into labor at term.
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The association of an overgrowth phenotype with ART in humans is supported
indirectly by the fact that 

 

in vitro

 

 production of cattle and sheep also results in an
overgrowth syndrome. BWS and LOS share similar phenotypic features, such as
macrosomia, organomegaly, placentomegaly, and polyhydramnios. The IGF II sig-
naling pathway has been implicated in BWS and in LOS. The common features of
LOS and BWS are shown in Table 7.1.

 

7.5 ENVIRONMENTAL EFFECTS OF ART ON GENOMIC 
IMPRINTING: EVIDENCE IN NONHUMAN 
MAMMALS 

 

The 

 

in vitro

 

 culture condition in which the zygote undergoes early cleavage is the
most likely factor common in all types of ART that could account for changes in
genomic imprinting. Differences in embryonic gene expression between 

 

in vivo

 

 and

 

in vitro

 

 cultured murine embryos were first reported by Christians et al. [43].
Luciferase reporter gene activity was 15-fold greater in embryos cultured 

 

in vitro

 

than that seen in the embryos derived 

 

in vivo

 

. Khosla et al. [44] showed that culture
of murine embryos in fetal calf serum (FCS) adversely affected imprinted gene
expression and subsequent development as compared to embryos cultured without
FCS. H19 and IGF2 expression were decreased, whereas Grb10 expression was
increased, due to changes in genomic methylation. In addition, embryos cultured in
FCS experienced decreased survival to day 14 and abnormal growth in fetuses that
survived as compared to controls cultured without FCS.

Similarly, Doherty et al. [12] demonstrated that embryos cultured in the high
glucose containing Whitten’s media aberrantly expressed the imprinted gene H19
due to a loss in methylation. Recently, Lane and Gardner [45] have reported that
ammonia generated by breakdown of amino acids present in media when cultured
for prolonged periods at 37

 

°

 

C has similar adverse effects on imprinted gene expres-
sion. They demonstrated once again that high concentrations of ammonia induced
abnormal methylation of H19, resulting in metabolic and intracellular pH changes
as well as increased apoptosis at the blastocyst stage. The fate of these embryos
when transferred also differed from controls. Fewer blastocysts implanted and, of
those that did, fetal growth was significantly blunted.

Gene expression in the preimplantation embryos is also influenced by ion con-
centrations. Changes in expression of IGF-1, IGF-II, and IGF-I receptors were
reported in embryos cultured in a simplex optimized medium containing 85 m

 

M

 

NaClI-1 as compared to those containing 125 m

 

M

 

 NaClI-1. The higher ion concen-
tration led to reduced RNA synthesis rates. 

Data from studies of assisted reproductive technologies in cattle and sheep also
report aberrant fetal growth and alterations in imprinted genes [31]. With nuclear
transfer (NT)-derived and 

 

in vitro

 

-produced (IVP) embryos, 

 

in vitro

 

 culture for
extended periods of time in sera has been attributed in part to this epigenetic
phenomenon; however, the definitive mechanisms have yet to be determined.

Epigenetic consequences appear to be common among species although; the
phenotypic effects on the fetus differ [10]. Specifically, the effect of perturbed

 

TF4006_C007.fm  Page 104  Thursday, June 9, 2005  9:49 AM

Copyright 2006 by Taylor & Francis Group, LLC



 

Evidence For and Against Associations

 

105

 

epigenetic modifications on growth is drastically different in mice and ruminants.
In mouse, the effects of prolonged 

 

in vitro

 

 culture are reduced fetal weight and fetal
death. Cloning or NT in mice results in increased placental weight and fetal or
perinatal death. In ruminants, IVP embryos experience higher birth weights and
skeletal and organ abnormalities, referred to as LOS. Similarly, cloning in these
species also results in higher birth weight and fetal death.

These data would strongly suggest that environmental stress induced by 

 

in vitro

 

manipulation of fertilization and early embryo cleavage stages has been associated
with the epigenetic regulation of genomic imprinting and the abnormal fetal growth
and development in experimental animals. Animal studies show that these stresses
may be induced by chemically defined media containing protein or sera. How this
occurs is less clear. It is possible that altered cleavage rates due to 

 

in

 

 

 

vitro

 

 conditions
may also predispose the embryos to these epigenetic alterations [44].

DNA methyltransferases (DNMTs) and thus DNA methylation are highly reg-
ulated in mouse and, as most recently shown, in human oocytes and preimplantation
embryos. In mouse, DNMTs regulate maternal genomic imprinting during oogenesis
and early embryogenesis. Environmental changes in expression of any of the DNMTs
would lead to aberrant imprinting. Changes in chromatin remodeling and histone
modifications may also be responsible. Recent studies in mouse oocytes have dem-
onstrated the importance of the vertebrate insulator protein, CCCTC binding factor
(CTCF), in the maintenance of H19 maternal allele-specific hypomethylation [46].

Environmental conditions may alter important interaction of these epigenetic
modifiers, leading to abnormal methylation patterns. Abnormal development and
methylation were demonstrated in embryos experiencing transgenic RNAi-induced
decrease in CTCF expression. Finally, changes in histone deacetylation have been
linked to DNA methylation and decreased gene expression. Embryos cultured 

 

in vitro

 

are known to undergo significant metabolic alterations, thus this may be a mechanism
by which such alterations could lead indirectly to the epigenetic medications. 

Finally, how environmental stresses induced by ART include epigenetic modi-
fications in nonhuman mammalian embryos is still an active area of research.
Whether the same conclusions can be applied to humans undergoing ART is still
unknown.

 

7.6 SUMMARY

 

Based on the evidence provided thus far, arguments for and against the association
between BWS and IVF can be made. Observations in favor of the association
between BWS and IVF include multiple studies from several countries (three in
total) demonstrating that children with BWS born after IVF occur at a greater rate
than would be expected by chance. In addition, multiple corollaries between BWS
and ruminants born after IVF include the presence of macrosomia, hypoglycemia,
placenta abnormalities, and organomegaly. Also, patients with BWS have been noted
to have imprinting abnormalities of insulin like growth factor II and animals with
LOS have been demonstrated to have imprinting defects in insulin like growth factor
2 receptor.
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Similar to the LOS model, no one etiologic agent can be identified as being
positive for the association between BWS and IVF. Finally, biologically plausible
hypotheses, such as alterations in the rate of cleavage or chemical stressors in the
media with some preliminary evidence from ruminant and murine models, indicate
that expression or function of proteins (such as DNMTs and CTCF) that regulate
imprinting in the early embryo could be perturbed by one or more factors during
the process of IVF.

 

 

 

To date, specific factors that are shared in common by patients
with BWS conceived with ART — other than ovarian stimulation — have not been
identified. Clearly, elucidating the cause of this association will require prospective
studies on bovine, ovine, and human subjects, as well as continuing progress in the
basic biology underlying imprints and growth regulation.

In contrast, other lines of evidence weaken the argument for the association
between BWS and ART. Specifically, no causal mechanism has been identified. In
addition, only one prospective epidemiologic study demonstrating the statistical
association between BWS and IVF has been conducted. The possibility exists that
parents of children with BWS and infertility problems may seek medical attention
more often compared to parents of children with BWS who do not have infertility
problems. Such bias would result in an overestimate of the frequency of IVF among
children with BWS.

Yet another not fully explored possibility is that parents of children with BWS
born after ART may have a subtle form of BWS. Although this is a possibility, it
seems slightly less likely because none of the parents of the children born after BWS
had clinical features that could be associated with BWS. Only a study that addresses
the genotype of the parents who had children born after IVF with BWS could
determine this possibility. 

When the evidence for and against the association for BWS and IVF is fully
explored, the balance of evidence would strongly suggest that BWS is associated
with IVF. Further investigation is warranted along with the development of rigorous
methodology in the field of IVF, accompanied with animal models to elucidate the
underlying mechanism for these associations. 
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8.1 INTRODUCTION 

 

During the last decade, substantial progress has been made in the field of assisted
reproductive techniques in domestic and nondomestic cats. Basic knowledge of
embryo physiology has been accrued and reliable protocols for inducing oocyte
collection, 

 

in vitro

 

 fertilization, 

 

in vitro

 

 embryo culture, and embryo transfers have
been established in the domestic cat and some species of endangered felids [1–4].
Recently, the feasibility of producing viable domestic and nondomestic cat offspring
by nuclear transfer (NT) has also been demonstrated [5,6]. Although embryo implan-
tation rates were relatively low, the overall level of success was comparable to that
reported for other species from which NT offspring have been produced. 

Interest in the possible commercial application of NT in domestic cats to repro-
duce desired genotypes has been gradually increasing for cat breeders wanting a
specific type of animal or for pet lovers that want a copy of their beloved animal.
In the future, the association of NT with genetic modification of donor cells will
allow producing genetically engineered cats that, for example, will not cause allergies
(allergen-free cat) and will benefit people who otherwise would not be able to have
a cat pet. Genetically engineered cats also will serve as a convenient research model
for studies of several human physiological abnormalities and metabolic and genetic
diseases. Combining NT technology with that of genetic modification of donor cells
potentially can improve the efficacy of producing genetically identical cats that may
carry genes for specific disorders for improving understanding of and treatments for
human diseases. 

Nuclear transfer offers another approach to preserving endangered felids. With
the loss on an individual from a founder population of few animals, tissue samples
can be collected and stored in anticipation of using the cells for NT into enucleated
oocytes of the same or different species. Therefore, the loss of genetic variation may
be avoided [7] and offers the prospect of species continuation rather than extinction.

The effectiveness and efficiency of NT depends on a variety of factors, but the
primary deficiency appears to be incomplete or abnormal nuclear reprogramming.
Abnormal epigenetic regulators of transcription can lead to implantation failure,
fetal abnormalities, and poor health of offspring [8]. This chapter reviews recent
progress, problems, and applications in feline somatic cell NT. Limited information
is available on domestic cat NT and most of our research has been mainly focused
on interspecies NT using African wildcat (

 

Felis silvestris

 

) somatic cells as donor
nuclei and domestic cat (

 

Felis catus

 

) oocytes as recipient cytoplasts; therefore, data
will be presented on intra- and interspecific NT in the same section. A separate
section reviews intergeneric NT using more extreme cross-genera. The process of
embryo reconstruction by NT is a multistep process; some of the steps involved will
be described in more detail than others. 

 

8.2 SOURCE OF CYTOPLASTS FOR PRODUCTION OF 
CLONED EMBRYOS 

 

The outcome of NT depends on several biological and technical factors, but the
intrinsic quality and source of oocytes could be a key factor in determining the
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proportion of oocytes developing to the blastocyst stage [9,10]. Although oocytes
matured 

 

in vivo

 

 and 

 

in vitro

 

 have been used as recipient cytoplasts for production
of cloned animals in several species, the use of recipient cytoplasts matured 

 

in vivo

 

may have beneficial effects on embryo and fetal development [11]. In the domestic
cat, assisted reproductive technologies are well developed and both sources of
oocytes are commonly used.

In the authors’ laboratory, domestic female cats undergoing up to four cycles of
gonadotropin treatment and oocyte recoveries produced an average of 

 

∼

 

20 oocytes
per recovery [12], and the multiple ovarian stimulations do not appear to affect
oocyte quality adversely (Table 8.1). Although oocytes matured 

 

in

 

 

 

vivo

 

 can be
repetitively collected from individual donors, the process is significantly more expen-
sive and labor intensive than the production of oocytes matured 

 

in vitro

 

. Cat ovaries
are easily accessible from veterinary clinics and are available throughout the year.
Embryos derived from oocytes matured 

 

in vitro

 

 are capable of developing to the
blastocyst stage 

 

in vitro

 

 and produce offspring after embryo transfer [13–15]; how-
ever, the efficiency of 

 

in vitro

 

 embryo production is lower than that of 

 

in vivo

 

 oocytes. 

 

8.2.1 L

 

ENGTH

 

 

 

OF

 

 

 

I

 

N

 

 V

 

ITRO

 

 M

 

ATURATION

 

 

 

OF

 

 D

 

OMESTIC

 

 C

 

AT

 

 
O

 

OCYTES

 

 

 

FOR

 

 NT

 

Oocyte maturation is controlled by a variety of components, including cAMP, cal-
cium, cell cycle proteins, growth factors, gonadotropins, purines, and steroids [16],
but their effects on the maturation of domestic cat oocytes have not been well studied.
A reasonably high percentage of fully grown cat oocytes (40 to 70%) undergo
maturation 

 

in vitro

 

, depending on the culture system employed. Most oocytes
matured 

 

in

 

 

 

vitro

 

 complete maturation to metaphase II during the first 24 h of culture
[17], but additional oocytes will mature between 24 and 48 h [18,19]. Although the

 

TABLE 8.1
Total Number of Oocytes Matured 

 

In Vivo

 

 and 

 

In Vitro

 

 Collected for 
Nuclear Transfer, 2001–2003

 

Metaphase II/Total Oocytes, 

 

n

 

 (%) 

Year

 

In Vivo

 

a

 

In Vitro

 

b

 

2001 744/1114 (66.8) 489/917 (53.3)
2002 1304/1808 (72.1) 1237/2217 (55.8)
2003 2028/2843 (72.8) 1038/2049 (52.0)
Total 4076/5765 (70.7) 2764/5183 (53.3)

 

a 

 

Oocytes recovered from donor domestic cats
after FSH-LH-stimulation.

 

b 

 

Oocytes recovered from excised, nonstimulated
ovaries and matured 

 

in vitro 

 

for 21 to 24 h.
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highest proportion of matured oocytes is reached between 42 and 45 h of culture
[20], that interval also produces the highest percentage of degenerating oocytes [19].

In 2002, Skrzyszowska et al. [21] determined the effect of the 

 

in vitro

 

 maturation
interval of recipient oocytes on 

 

in vitro

 

 development of domestic cat embryos
produced by reconstitution with fetal fibroblasts. Table 8.2 shows results of devel-
opment of cloned embryos produced from domestic cat cytoplasts after various
intervals of 

 

in vitro

 

 oocyte maturation. They reported that a prolonged maturation
period of 43 h affects 

 

in vitro

 

 development of reconstructed cat embryos, as indicated
by lower fusion rates (57.5%), lower development of embryos to the morula stage
(28.2%), and no blastocyst development. In contrast, when oocyte cytoplasts matured

 

in vitro

 

 for 24 or 35 h were used, fusion rates (71.4 and 71.6%, respectively) and
the percentage of cloned embryos developing to morula (56.0 and 34.0%, respec-
tively) and blastocyst stages (8.0 and 8.5%, respectively) were significantly higher
than those of embryos reconstructed with oocyte cytoplasts matured for 43 h. The
authors suggested that a possible reason for the reduction in developmental potential
was that 43-h oocytes were postmature, or “aged.” 

In another study [20], domestic cat oocytes matured 

 

in vitro

 

 for extended periods
(42 to 45 h) showed morphological symptoms of aging, such as fragmentation of
the polar body, debris in the perivitelline space, and abnormal metaphase plates.
Similar abnormal morphological characteristics observed in aged postovulatory
mouse oocytes included disappearance of the microfilament area around the meiotic
spindle and chromatin disorganization [26]. 

 

TABLE 8.2
Development of Cat Cloned Embryos Produced from Domestic Cat 
Cytoplasts after Various Intervals of 

 

In

 

 

 

Vitro

 

 Oocyte Maturation

 

% Reconstructed Embryos 

 

Developed to

Period
(h)

Donor
Nucleus NT, 

 

n

 

Fused
couplets, %

  

≥≥≥≥

 

2 cell Morula Blastocyst Ref.

 

24 DC 35 71.4 80.0 56.0 8.0 21
35 DC 63 74.6 55.3 34.0 8.5
43 DC 80 57.5 60.8 28.2 0
32–34 DC 501 59.7–66.3 54.8–72.5 25.8–47.5 2.6–7.5 22
26–30 DC 30.4–66.7 80.0

 

a

 

10.0

 

a

 

24
26–28 DC 50.0–57.0 6.0–27.0

 

a

 

2.0–7.0

 

a

 

24
24 DC 213 78.0 73.0 14.0 2.3 25
24 AWC 234 85.3 84.6 46.3 23.1

 

Notes

 

: DC = Domestic cat; AWC = African wildcat. Percentage of reconstructed embryos that
developed to 

 

≥

 

2-cell, morula or blastocyst are of the total number of fused couplet, except where
not specified (

 

a

 

).
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In a review of postovulatory aging, Fissore et al. [27] indicated that the abnormal
morphological characteristics were the consequence of decreases in maturation-
promoting factor (MPF) and mitogen-activated protein kinase (MAPK), and that
aged oocytes also appear to have depressed mitochondrial function; this possibly
results in the accumulation of reactive oxygen species, the release of proapoptotic
products after activation, and subsequent fragmentation of the embryo. These obser-
vations suggest that aged oocytes had structural changes that may have compromised
embryo development after NT. After maturing domestic cat oocytes 

 

in vitro

 

 for 24
to 34 h before NT, other research groups reported that blastocyst development was
similar to that of the earlier report (Table 8.2) — an indication that oocytes matured
for shorter periods of time are a better source of donor cytoplasts.

 

8.2.2 O

 

OCYTE

 

 C

 

YTOPLASMIC

 

 M

 

ATURATION

 

Even though oocyte nuclear maturation appears normal during the first 24 h of
culture, inadequate cytoplasmic maturation has been observed [14,28]. It is not clear
how oocytes acquire cytoplasmic maturation, but it seems that it involves the syn-
thesis of proteins derived from nuclear and mitochondrial transcripts used by the
oocyte or during early development of the embryo. In some species of mammals,
all of the qualitative and quantitative changes in protein synthesis during oogenesis
occur after germinal vesicle breakdown [29]. Oocytes utilized for 

 

in vitro

 

 maturation
are collected during the germinal vesicle stage (GV); then, the protein synthesis
occurring 

 

in vitro

 

 is dissimilar to that which takes place 

 

in vivo

 

 and may be inade-
quate. In fact, retarded metabolism in glycolysis [30] and inadequate cytoplasmic
maturation of domestic cat oocytes matured 

 

in vitro

 

 have resulted in lower 

 

in vitro

 

embryo development than that seen with oocytes matured 

 

in vivo

 

 [14]. 
It is known that MPF and MAPK factors are involved in the oocyte maturation

process and in early chromatin remodeling of the donor nucleus after NT. Recently,
Bogliolo et al. [28] determined the stages of meiotic maturation and the kinetics of
MPF and MAPK factors of domestic cat oocytes at different intervals of 

 

in vitro

 

culture. At the time of collection (0 h), ~95% of the oocytes were in the germinal
vesicle (GV) stage and only ~5% were at the M-II stage. After 8 h of culture, ~60
to 70% of the oocytes had undergone germinal vesicle breakdown (GVBD) and, at
16 h, ~80 to 85% of the oocytes were in M-I or A-I phase, with only 20 to 25%
remaining in the GV or GVBD stage.

It was also demonstrated that the MPF and MAPK activity increased during
GVBD at 12 and 8 h, respectively, and oocytes matured 

 

in vivo

 

 had higher levels
of MPF and MAPK (100 

 

 ±

 

 7.48; 100 

 

±

 

 6.32) compared to oocytes matured 

 

in vitro

 

for 24 h (82.4 

 

±

 

 9.37; 82.6 

 

±

 

 10.5) or 40 h (60 

 

±

 

 6.63; 66.4 

 

±

 

 6.1, respectively;
numbers = as arbitrary units). These results are evidence that prolonged maturation
(40 h) of domestic cat oocytes decreased MPF and MAPK activity and the decrease
is correlated to the aging of oocytes. Therefore, cytoplasmic oocyte maturation in
domestic cats is compromised during a prolonged 

 

in

 

 

 

vitro

 

 maturation interval, which
in turn may affect nuclear remodeling after NT.

An important step involving acquisition of cytoplasmic maturation during 

 

in
vitro

 

 maturation occurs in pig oocytes at the end of the folliculogenesis, between
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the GV-II stage and prior to GVBD [31]. The results described for the domestic cat
suggest that, similar to pig oocytes, cytoplasmic maturation may start between the
transition from GV to GVBD and that donor cytoplasts derived from oocytes that
matured earlier may produce better embryos after NT. 

 

8.2.3 G

 

ROWTH

 

 F

 

ACTORS

 

 I

 

MPROVED

 

 C

 

YTOPLASMIC

 

 

 

AND

 

 N

 

UCLEAR

 

 
M

 

ATURATION

 

The addition of growth factors to 

 

in vitro

 

 maturation medium has a positive effect
on cytoplasmic and nuclear maturation of oocytes. The addition of epidermal growth
factor (EGF) to oocyte maturation medium enhances fertilization frequency and
blastocyst development after 

 

in vitro

 

 fertilization [32]. Recently, Kitiyanant et al.
[22] also demonstrated that the addition of insulin growth factor-I (IGF-I) substan-
tially improved the nuclear maturation rates of domestic cat oocytes that were fully
surrounded by cumulus cells (195/254; 77.0%). These results not only corroborated
the positive effect of growth factors, but also indicated that oocyte–granulosa cell
junctions are necessary for the acquisition of nuclear maturation in the domestic cat,
as previously demonstrated in mice [33]. 

It is known that mRNA and proteins are synthesized during oocyte growth and
maturation [10] and that the level of mRNA is affected by conditions during 

 

in vitro

 

maturation [34]. The maturation medium affects the relative abundance of specific
gene transcripts [35] and the pattern of gene expression [36] of bovine oocytes
matured 

 

in vitro

 

. Although little is known about gene expression in domestic cat
oocytes, it could be valuable to compare how the type of maturation (

 

in vitro

 

 vs. 

 

in
vivo

 

) affects patterns of mRNA expression, and expression patterns of genes involved
in meiotic competence and development of embryos derived from IVF or NT. Such
information would not directly improve nuclear reprogramming; nevertheless, under-
standing molecular mechanisms of 

 

in vitro

 

 oocyte maturation and further enhance-
ments to the maturation medium may increase the quality and developmental com-
petence of oocytes available for use as recipient cytoplasts and, indirectly, may result
in increased cloning efficiency. 

 

8.2.4 O

 

OCYTES

 

 M

 

ATURED

 

 

 

I

 

N

 

 V

 

IVO

 

 

 

VS

 

. T

 

HOSE MATURED IN VITRO 
AS RECIPIENT CYTOPLASTS

Because of the differences between oocytes matured in vivo and in vitro in their
developmental competence after IVF or ICSI, a direct comparison was made between
oocytes matured in vitro and in vivo as donor cytoplasts. Over a 3 year period, the
authors found that a higher percentage of in vivo derived oocytes (4076/5765; 70.7%)
completed meiotic maturation after gonadotropin treatment/oocyte retrieval,than that
of oocytes matured in vitro for 24 h (2764/5183; 53.3%; P < 0.05; Table 8.1). Both
sources of cytoplasts were enucleated and reconstituted with African wildcat fibro-
blasts (AWC) as donor nuclei. Higher fusion rates were found when matured in vivo
oocytes were used as recipient cytoplasts (1696/1751; 96.8%), compared to matured
in vitro oocytes (736/814; 90.4%; P < 0.05).
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In contrast, cleavage frequency after reconstruction using in vitro matured
oocytes (435/511, 85.1%) was higher than that after reconstructed with oocytes
matured in vivo (944/1194, 79.1%; P < 0.05) [37]. Nonetheless, no significant
differences in development to the blastocyst stage were observed between embryos
reconstituted with cytoplasts matured in vivo or in vitro (60/219, 27.3% vs. 47/205,
23.0%, respectively) [25]. The similarity in the percentage of blastocysts observed
between both types of cytoplasts should be interpreted cautiously because fewer
embryos were allowed to remain in culture until day 7, as compared to the larger
number evaluated for fusion and cleavage. 

Even though methods for in vitro maturation of oocytes are not fully optimized,
Shin and coworkers [5] reported the birth of the first domestic kitten after transfer
of embryos produced by reconstitution of cumulus cells with enucleated oocytes
matured in vitro for 26 to 30 h. Recently, the authors’ laboratory demonstrated the
in vivo competence of cloned embryos derived from cytoplasts matured in vivo by
the production of full-term African wildcat kittens after embryo transfer to domestic
cat recipients [6]. 

In summary, these data clearly indicate that both types of cytoplasts can be used
for cloning domestic or nondomestic cats. However, if available, cytoplasts matured
in vivo are a more appropriate source of cytoplasts for production of cloned cat
embryos. 

8.3 EFFECT OF DONOR NUCLEUS ON NUCLEAR 
TRANSFER

The cell cycle phase of the donor nucleus has multiple effects on reconstruction of
the embryo and is therefore a major factor in the success of NT in mammals [38].
Although it is generally accepted that the donor nucleus must be at the G0 stage of
the cell cycle, and the first successful clone of an adult animal was created from a
sheep mammary gland cell induced to quiescence (G0) by serum starvation [39], a
controversy still exists as to which stage of the cell cycle allows the most successful
NT and what the effects are on embryo development. Campbell [40] reported that
cells in G0 have greater developmental potential compared to cells in G1, S, or early
G2.. Furthermore, according to Wilmut et al. [39], cells in G0 have lower levels of
RNA production; thus, chromatin configuration is more amenable to remodeling and
reprogramming.

Conversely, viable cloned offspring have been produced with cycling cells [41]
and with cells synchronized in the G1 phase [42] or M-phase [43–45]. To elucidate
which stage of the cell cycle is more appropriate, Wells and coworkers [46] compared
the nuclear cloning efficiency of transgenic and nontransgenic fetal bovine fibroblasts
synchronized in G0 or G1 phase. Their results demonstrated that nontransgenic
fibroblasts synchronized at the G0 phase gave higher percentages of calves at term
than cells synchronized at G1 phase. In contrast, transgenic fibroblasts synchronized
at G1 phase developed higher percentages of calves at term and higher postnatal
survival than cells in G0. These results indicated that NT efficiency is affected by
coordination between donor cell type and cell cycle stage — not only by phase of
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the cell cycle. These combined results confirm that donor cells at different phases
of the cell cycle can produce viable offspring. 

Another factor critical to the success of NT is coordination of the cell cycle
between the donor nucleus and the recipient cytoplast. As reviewed by Campbell
[40], three methods are used to maintain euploidy of reconstructed embryos:

• Transferring a donor nucleus in the G0/G1 phase (2C) into nonactivated
oocytes at metaphase II (M-II)

• Transferring a donor nucleus in the G2/M phase (4C) into enucleated
oocytes at MII to allow the expulsion of a polar body and return the
reconstructed embryo to normal ploidy (2C)

• Preactivating or partially activating a recipient oocyte in M-II before
transferring a donor nucleus at any stage of the cell cycle

Only one offspring has been reported by using oocytes activated before intro-
ducing a somatic cell [47]. In contrast, cloned offspring from many species have
been produced with nonactivated M-II cytoplasts by introducing donor nuclei at
G0/G1 or G2/M phases. The main reason that nonactivated M-II cytoplasts may be
better recipients could be due to their high level of MPF activity, known to be
required for nuclear remodeling and reprogramming after NT. 

Although the question as to which stage of the cell cycle is the more appropriate
is still unanswered, serum starvation is the most widely used method to synchronize
cells in the G0/G1 phase prior to NT. The next part of the chapter will discuss the
influence of the donor nucleus for producing domestic and nondomestic cat cloned
embryos and methods for cell synchronization and their effect on embryo develop-
ment after NT. All experiments were performed with nonactivated M-II oocytes as
recipient cytoplasts because, as far as the authors are aware, preactivated cytoplasts
have not been used for NT in the cat.

8.3.1 CELL SYNCHRONIZATION OF DOMESTIC AND NONDOMESTIC 
CAT CELLS

Methods of arresting mammalian cells in the G0/G1 phase of the cell cycle include:
serum starvation; contact inhibition; and reversible cycle inhibitors such as rosco-
vitine, dimethyl sulfoxide (DMSO), or aphidicolin and butyrolactone. Some of these
methods have been used to synchronize domestic and nondomestic cat cells.

Bochenek et al. [48] used flow cytometry to analyze the distribution of the cell
cycle phases of domestic cat cumulus cells obtained from immature oocytes and
fibroblast cells from skin samples that were actively cycling or serum starved.
Slightly higher percentages of cumulus cells were synchronized at G0/G1 phase
after 4 to 6 days of serum starvation (86.8%) as compared to cycling cells (74.0%);
an increased percentage of fibroblast cells in the G0/G1 phase was observed as the
starvation period was prolonged from 4 to 6 days (85.7%); to 10 to 12 days (93.3%);
and to 14 to 18 days (93.1%). 

In contrast, a study of the effect of cell cycle inhibitors on the distribution of
AWC and domestic cat (DSH) fibroblast cells in the various phases of the cell cycle
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found that a higher percentage of both types of cells were synchronized after serum
starvation for 5 days, compared to contact inhibition, roscovitine treatment, and
actively cycling cells [25] (Figure 8.1). Similarly, when porcine and rhesus monkey
cells were cultured for short periods (3 to 4 days) in serum starvation, the proportion
of cells at G0/G1 phase was increased significantly [49–51].

Bochenek et al. [48] also reported that some of the domestic cat cells synchro-
nized by the serum starvation method undergo apoptosis. Likewise, in another study,
AWC and DSH fibroblast cells had higher rates of DNA fragmentation after serum
starvation for 5 days. DNA damage was also observed in fetal porcine fibroblasts
when the cells were cultured for a prolonged period in serum-starved medium [50].
In sheep cells, the extent of the damage was directly related to the duration of the
starvation period [52].

Fetal porcine, bovine, or rhesus monkey cells cultured to 100% of confluence
have a similar proportion of cells at G0/G1 as do cells after serum starvation
[49,51,53], indicating that contact inhibition may be an alternative method for
synchronizing cells in G0/G1; thus, the DNA damage that occurs during serum
deprivation is avoided. Moreover, as compared to bovine cells synchronized by serum
starvation, roscovitine produced a higher proportion of cells in G0/G1 phase and
increased the nuclear reprogramming capacity and cloning efficiency of the cells,
resulting in enhanced survival, both pre- and postcalving [54]. 

In contrast, cat fibroblast cells synchronized by contact inhibition or treated with
roscovitine had a lower proportion of cells at G0/G1 phase, indicating that differences
in response to cell synchronization may exist between species. In fact, the authors
found that AWC fibroblast cells synchronized by different cell synchronization
methods had a lower proportion of cells at the G0/G1 phase compared to DSH
fibroblasts (Figure 8.1). Despite these results, it would be interesting to determine

FIGURE 8.1 Percentages of domestic cat (DSH) and African wildcat (AWC) fibroblasts
existing in the G0/G1 phase of the cell cycle after treatment with different cell-cycle inhibitors. 
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whether roscovitine-treated cat cells would enhance kitten survival after NT, as
demonstrated in the bovine.

In summary, as shown by the prominent G0/G1 DNA peaks, most domestic and
nondomestic cat cells can be synchronized in the G0/G1 phase, and cycling cells
have an inherently long G0/G1 phase (Figure 8.2 and Figure 8.3). 

8.3.2 EFFECT OF CELL DISSOCIATION ON THE CELL CYCLE AND CELL 
INTEGRITY

Enzymes such as trypsin are widely used to dissociate somatic cells before NT.
However, exposing cells to different enzymatic methods may alter the distribution
of cell cycle phases and affect cellular characteristics, such as size and DNA integrity.
Different treatments for dislodging AWC and DSH fibroblast cells were evaluated
to provide higher proportions of single cells and higher percentages of cells in G0/G1
phase [25]. Flow cytometry analysis revealed that enzymatic separation of AWC

FIGURE 8.2 Typical histograms of DNA, obtained by using flow cytometry of domestic cat
(DSH) fibroblast cells cultured under a variety of cell-cycle inhibitors. (From Gomez, M.C.
et al., Biol. Reprod., 69, 1032, 2003.)
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fibroblasts with pronase or trypsin yielded higher proportions of cells in G0/G1
phase than did mechanical separation (Figure 8.4).

In contrast, mechanical separation of DSH fibroblasts yielded higher proportions
of cells in G0/G1 phase compared with that from trypsin and pronase (Figure 8.5)
treatment. However, in AWC and DSH cells, trypsin and pronase treatments yielded
higher percentages of viable cells compared to mechanical separation (Figure 8.4
and Figure 8.5). Overall, pronase treatment yielded cells with higher viability, less
cellular and DNA damage, and gave a higher percentage of cells in G0/G1 phase.
Based on these results, the authors chose pronase dissociation as the preferred
method for cell preparation of domestic and nondomestic cells prior to flow cyto-
metric analysis or NT.

8.3.3 DISTINGUISHING G0 AND G1 CELL POPULATIONS

To determine whether the developmental potential of cloned embryos is improved
by using donor cells in G0 phase requires the ability to distinguish G0 cells from

FIGURE 8.3 Typical histograms of DNA, obtained by using flow cytometry of African
wildcat (AWC) fibroblast cells cultured under a variety of cell-cycle inhibitors. (From Gomez,
M.C. et al., Biol. Reprod., 69, 1032, 2003.)

   G0/G1

      S

 

   G2/M 

50.0% G0/G1
24.0%  S 
26.0% G2/M 

(a) Cycling

83.0%G0/G1
11.0% S
  6.0% G2/M

(b) Serum-starved

61.0% G0/G1
23.0%  S 
16.0% G2/M 

(c) Contact Inhibition 
56.0% G0/G1
28.0%  S
16.0% G2/M 

(d) Roscovitine

0 200 400 600 800 1000 0 200 400 600 800 1000

0 200 400 600 800 1000 0 200 400 600 800 1000

0
10

20
30

40
50

60
0

5
10

15
20

25
30

0
10

2 0
3 0

4 0
5 0

6 0
7 0

0
10

20
30

40
50

60
70

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

C
ou

nt
s

FL2-A FL2-A

FL2-A FL2-A

TF4006_C008.fm  Page 121  Thursday, June 9, 2005  9:59 AM

Copyright 2006 by Taylor & Francis Group, LLC



122 Epigenetic Risks of Cloning

FIGURE 8.4 Percentages of African wildcat (AWC) fibroblasts existing in the G0/G1 phase
of the cell cycle and cell viability after culturing cells to confluence and cell separation by
enzymatic or mechanical methods. (Cell phase in G0/G1 was evaluated by flow cytometry and
cell viability was evaluated by exclusion of eosin-B/fast green dye).

FIGURE 8.5 Percentages of domestic cat (DSH) fibroblasts existing in the G0/G1 phase of
the cell cycle and cell viability after culturing cells to confluence and cell separation by
enzymatic or mechanical methods. (Cell phase in G0/G1 was evaluated by flow cytometry and
cell viability was evaluated by exclusion of eosin-B/fast green dye). 
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G1 cells prior to NT. Compared to G1 cells, G0 cells have much lower levels of
RNA and protein [55], less expression of cyclin D [56], and lower transcript levels
of interferon-τ (IF), a gene involved in early differentiation and trophoblastic func-
tion [57]. In addition to analyzing differences in these cell constituents, cell size
may be a useful marker for discriminating between somatic cells in G0 and G1. For
instance, higher rates of pronuclear formation occurred when small fetal fibroblasts
were used for NT in pigs compared to using large fibroblasts [49].

The relationship between cell size and distribution of cells in the different phases
of the cell cycle has been determined by flow cytometry in various mammalian cells
after cycle synchronization using different protocols [49,58,59]. Therefore, flow
cytometry can be used to measure cell size and RNA content of synchronized
domestic and nondomestic cat cells to assist in discriminating cells in G0 and G1
phase. In the authors’ laboratory, preliminary experiments were done to evaluate the
effect of cell size on the distribution of AWC fibroblasts in the various stages of the
cell cycle and the cellular RNA content of two different cell sizes [60]. 

Flow cytometry analyses of cell size revealed that AWC cells were distributed
mainly within two subpopulations (small/medium and large). A higher percentage
of serum-starved cells were classified as small/medium compared to contact-inhib-
ited and roscovitine-treated cells (Figure 8.6). DNA content histograms of contact-
inhibited and roscovitine-treated cells showed that the percentages of nuclei existing
in the G0/G1 phase from the small/medium cell population were significantly higher
than those for large subpopulations. However, the large cell subpopulation in the
roscovitine group had a higher percentage of nuclei in the G0/G1 phase, but most
of the large cells of the contact-inhibited group were in the S and G2/M phase
(Figure 8.7). 

To distinguish RNA content between cell populations, AWC fibroblasts were
synchronized by serum starvation, contact inhibition, and roscovitine treatment, then
stained with 100 µL of SYBR Green II (Molecular Probe, SS7564). RNA content
was measured using computer-generated scatterplots showing the distribution of dots
with green fluorescence intensity (RNA) of individual cells in two different cell
sizes. AWC fibroblasts showed a marked decline in cellular RNA levels as a conse-
quence of serum starvation (Figure 8.8).

By comparison, scatterplots of green fluorescence of starved cells displayed a
shift toward the Y axis, indicating that the majority of these cells had low RNA
content. The widespread green fluorescence histogram of cells from contact-inhibited
and roscovitine treated cells was more heterogeneous with respect to RNA content,
indicating that both treatments had higher percentages of RNA content. When RNA
content was analyzed in two separate gates (R1 = small/medium size vs. R2 = large
cells), all treatments had lower percentages of RNA content in the small/medium
cells than in large cells (Figure 8.8). Also, RNA content in both cell subpopulations
of serum-starved cells was lower than that of contact-inhibited and roscovitine treated
cells. These results clearly indicate that serum-starved cells had a lower cellular
RNA content and that the small/medium cells were more likely to be in the G0
phase than were large cells. 

Analysis of porcine cells by flow cytometry demonstrated that a high
percentage of the small (7 to 15 µm) cell population was in G0 and G1 (88.0%) and

TF4006_C008.fm  Page 123  Thursday, June 9, 2005  9:59 AM

Copyright 2006 by Taylor & Francis Group, LLC



124 Epigenetic Risks of Cloning

FIGURE 8.6 Distribution of AWC fibroblasts synchronized by serum-starved, contact inhi-
bition, or treated with roscovitine, in two cell size subpopulations: R1 (small/medium) and
R2 (large).
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that serum-starved cells had more small cells in G0 (72.0%) than did confluent (9.0
to 16.0%) or cycling (3.0 to 7.0%) cells [49]. The authors’ preliminary results were
consistent with the results obtained with porcine cells in that most of the
small/medium AWC cells were in the G0/G1 phase of the cell cycle. Also, serum-
starved AWC cells had a higher percentage of cells in the G0 phase, as determined
by their lower RNA content. Although the actual sizes of the cells in G0 and G1
were not measured in the authors’ experiment or in the experiments reported by
Boquest et al. [49] and Prather et al. [58], mouse T-lymphocytes cells synchronized
in G0 were smaller than those in G1 [56]. The differences in cell size during the
various phases of the cell cycle may be due to the decline in protein synthesis [55]. 

In summary, these preliminary results clearly indicate that inhibiting agents in
varying degrees, influence the percentage of cells in each phase of the cell cycle,

FIGURE 8.7 DNA histogram obtained by flow cytometry of African wildcat cells treated
with roscovitine (1) or contact-inhibited treated (2). Cells were separated in small/medium
(left column) and large (right column) cell size subpopulations. M1 indicates cells in the
G0/G1 phase, and M2 indicates cells in the S and G2/M phase.
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FIGURE 8.8 Flow cytometric analysis of cellular RNA content of roscovitine, contact-inhib-
ited, and serum-starved AWC cells. Scatterplot of green fluorescence (RNA) and gating
small/medium (R1) and large (R2) cells.
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that the serum starvation treatment gave the highest proportion of small/medium
cells, and that most of them were in the G0 and G1 phases. Therefore, additional
analysis should further separate cells into two discrete sizes (small and medium)
and should include counterstaining RNA vs. DNA to differentiate properly the G0
from the G1 phase. 

8.3.4 EFFECT OF DONOR NUCLEUS TYPE AND CELL CYCLE 
SYNCHRONIZATION METHOD ON EMBRYO RECONSTRUCTION 
AND IN VITRO DEVELOPMENT

Table 8.3 summarizes the currently published data on embryos cloned from domestic
and nondomestic cats derived after reconstruction with different type of cells that
were cycling or synchronized in the G0 and G1 phases. Most research groups
working in NT with the domestic cat used actively cycling cells as donor nuclei;
however, the authors’ routinely used serum-starved cells. Approximately 1.3 to
10.5% of cloned embryos domestic cat developed to the blastocyst stage in vitro,
regardless of the cell type or synchronization method used.

Skrzyszowska et al. [21] evaluated the in vitro development of embryos cloned
from domestic cats that were reconstructed using cycling cumulus cells or cycling
fetal fibroblasts as the donor nucleus (Table 8.3). They reported that both types of
somatic cells had similar percentages of cleavage and development to the morula or
blastocyst stage, but lower fusion rates were observed when cumulus cells were

TABLE 8.3
In Vitro Development of Domestic and Nondomestic Cat Cloned Embryos 
Reconstructed with Cumulus, Muscle, Fetal, and Adult Fibroblast Cells 
Synchronized by Different Cell-Synchronization Methods

Cell Type of
Donor Nucleus

Donor Nucleus 
Synchronization 

Method
No. Fused/ 

Injected (%)

No. (%) Developing 
to

Specie Morula Blastocyst Ref.

Domestic cat Cumulus Serum-starved 5d 82/140 (58.6) 35 (42.6) 3 (3.6) 61
Domestic cat Fetal fibroblasts

Cumulus
Cycling 115/193 (59.6)

65/143 (45.4)
37 (32.2)
20 (30.8)

6 (5.2)
5 (7.7)

21

Domestic cat Fetal fibroblasts
Adult fibroblasts
Cumulus 

Cycling 80/134 (59.7)
124/192 (64.6)
116/175 (66.3)

38 (47.5)
32 (25.8)
44 (37.9)

6 (7.5)
6 (4.8)
3 (2.6)

22

Domestic cat Muscle Cycling 76/178 (42.7) 32 (42.1) 8 (10.5) 62
Domestic cat Adult fibroblasts Serum-starved 5d

Contact inhibited
Roscovitine

75/95 (78.9)
105/152 (69.1)
95/105 (90.5)

6 (8.0)
11 (10.5)
15 (15.8)

1 (1.3)
3 (2.8)
3 (3.2)

25

African wildcat Adult fibroblasts Serum-starved 5d
Contact inhibited
Roscovitine

196/221 (88.7)
109/129 (84.5)
120/134 (89.5)

76 (38.8)
45 (41.3)
36 (30.0)

47 (24.0)
22 (20.2)
32 (26.7)

25
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used. In a similar experiment, Kitiyanant et al. [22] evaluated the development of
domestic cat embryos reconstructed with cycling cumulus cells and cycling fetal or
adult fibroblasts. They also found no differences in cleavage frequencies and embryo
development to the morula or blastocyst stages when cumulus cells or fetal fibro-
blasts were used as donor nuclei. However, in contrast to the results of Skrzyszowska
et al. [21], they did not find any difference in fusion rates.

Kitiyanant et al. [22] also found that cleavage rate and development of NT
embryos to the morula stage were reduced after reconstruction with adult fibroblasts
compared to that of NT embryos reconstructed with cumulus cells and fetal fibro-
blasts. Nevertheless, no differences were observed in frequency of blastocyst devel-
opment of embryos reconstructed with the three types of somatic cells. The authors
suggested that the possible reasons for the difference in in vitro developmental
potential of NT embryos produced from adult fibroblast cells may due to genetic
factors in the donor cells. 

It has been shown that different cell types and cell synchronization methods
have diverse effects on gene expression [63,64] and telomere length [65] of cloned
embryos. Although substantial differences exist between differentiated adult tissues,
no evidence indicates that embryo development to the blastocyst stage is improved
by using a specific cell type. Some reports, however, indicate that abortions and fetal
losses are higher after the transfer of bovine cloned embryos reconstructed with
adult donor cells [66,67], and that epigenetic differences within cell types have a
marked effect on production of cloned offspring [68]. The percentage of domestic
cat blastocysts developing from each of the cell types was not significantly different,
but the influence of each cell type on the percentage of normal offspring requires
evaluation.

Additional work in the authors’ laboratory was done to determine the influence
of the method of cell synchronization on fusion, cleavage, and embryo development
of domestic and nondomestic cat NT embryos. AWC and DSH cloned embryos were
reconstructed with adult fibroblast cells that were synchronized in the G0/G1 phase
by serum starvation, contact inhibition, and roscovitine [25]. Results indicated that
the method of cell synchronization did not affect the frequency of fusion, cleavage,
and blastocyst development of NT embryos. Interestingly, blastocyst development
was influenced by the donor nucleus but was not affected by the cell-cycle synchro-
nization method. In fact, higher percentages of blastocysts were observed with AWC
cells (24.2%) compared to DSH cells (3.3%) (Table 8.3). These results suggest that
factors other than the method of donor nuclei cell-cycle synchronization are involved
in nuclear reprogramming and, in this case, the difference was due in part to the
origin of the donor nucleus. 

Direct comparisons of NT success between laboratories are not possible
because of variations in the types of cells, methods of cell synchronization, embryo
culture, and NT procedures. The percentages of blastocyst development of domestic
cat embryos reconstructed with cycling fetal fibroblasts (5.2 and 7.5%), adult
fibroblasts (4.8%), muscle (10.5%), and cumulus cells (5.2 and 2.6%) were slightly
higher, but probably not significantly different from the rates observed
with cumulus cells synchronized by serum starvation (3.6%) or adult fibroblasts
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synchronized by serum starvation (1.3%), contact inhibition (2.8%), or roscovitine
treatment (3.2%) (Table 8.3). 

Even though epigenetic differences between cell lines exist, the in vivo compe-
tence of domestic and nondomestic NT embryos reconstructed with cycling cumulus
cells [5] and adult fibroblasts synchronized in G0/G1 phase [6] have been demon-
strated.

In summary, these experiments showed that domestic and nondomestic cloned
embryos can be produced by NT and that blastocyst development is not affected by
cell type, although epigenetic differences between cell lines exist. In spite of the
high cleavage frequency of the reconstructed embryos, blastocyst development was
rather low — an indication of incomplete nuclear remodeling after NT.

8.3.5 CHROMOSOMAL STABILITY OF CAT SOMATIC CELLS AND 
DERIVED CLONED EMBRYOS

NT procedures are generally inefficient with less than 10% of transferred embryos
surviving to term [69]. Chromosomal abnormalities, such as aneuploidy, have been
associated with approximately 50% of sporadic fetal loss prior to 15 weeks in humans
[70,71]. Also, in domestic animals, chromosomal imbalance appears to be an impor-
tant cause of early embryonic mortality [72] and may be one of the causative factors
in the higher rates of embryonic, fetal, and perinatal mortality that occur after NT.
Genetic damage may occur during the in vitro culture of somatic cells, and a
suboptimal in vitro culture system may contribute to an increase in the incidence of
chromosomal abnormalities in somatic cells [73] and NT embryos [74]. 

In the domestic cat, chromosomal abnormalities were observed in FeLV-free
feline tumor cell lines cultured in vitro [75]; unfortunately, the authors did not specify
their frequency of occurrence. An analysis of the chromosomal stability of domestic
cat and AWC fibroblasts cultured to different passages, and the chromosomal com-
position of AWC cloned blastocysts reconstructed with donor cells at different
passages, was recently conducted [76,77]. To analyze the karyotypes of domestic
cat fibroblasts, cells were cultured for several passages until the cells reached senes-
cence. Karyotypic analysis showed that 16.0 to 18.0% of domestic cat fibroblasts
had chromosomal abnormalities at passages 1 and 4, respectively. After the sixth
passage, the percentage of aneuploid cells dramatically increased (50.1%) and by
passage 9 most of the cells (87.5%) were aneuploid (Table 8.4). From the total of
aneuploid cells, hypoploidy (36.0%) occurred more frequently than hyperploidy
(8.6%). 

Although the percentage of hyperploid cells remained stable during all passages,
the proportion of hypoploid cells increased progressively with the number of pas-
sages. Similar results were observed in AWC fibroblasts after several passages.
Although higher chromosomal abnormalities were observed in AWC fibroblasts at
passage 1 (36.0%) and passage 4 (42.3%) compared to domestic cat cells, a higher
incidence of aneuploidy was observed after the fifth passage and increased progres-
sively until the cells reached senescence at passage 9 (97.7%) (Table 8.4). A pro-
gressive increase in chromosome aneuploidies also has been reported in porcine
fibroblasts (85.0%) after prolonged culture in vitro [73]. However, not all somatic
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cells behave similarly in vitro; for example, chromosomal status of sheep and bovine
fibroblasts remained stable after prolonged culture in vitro (13.0 and 20.0%, respec-
tively) [73,53]. 

Enucleated domestic cat oocytes were reconstructed with AWC fibroblasts after
culture to passages 1, 3, 4, and 9 [77]. Conventional karyotyping was used to evaluate
chromosomal numbers in the blastomeres. The percentage of aneuploidy in all
analyzed blastomeres was similar to that of the fibroblast cells from which they were
derived. When fibroblasts at passages 1, 3, and 4 with lower chromosomal abnor-
malities were used, similar chromosome abnormalities were found in the embryos
(0, 45.0, and 31.0%, respectively). However, when donor cells at passage 9 were
used, most of the blastomeres analyzed had chromosomal abnormalities (93.0%)
[77]. The results indicated that the overall incidence of chromosomal abnormalities
of NT embryos was correlated with the frequency at which abnormalities were
observed in the donor cells.

Similar results also have been reported after analyzing bovine NT embryos with
conventional karyotyping and fluorescence in situ hybridization (FISH) with painting
probes specific for bovine X and Y chromosomes [78]. When NT bovine embryos
were reconstructed with donor cells that had low chromosomal abnormalities, only
12.0% of the reconstructed embryos were abnormal. In contrast, when the embryos
were reconstructed using donor cells with the highest incidence of chromosomal
abnormalities (23.0%), a higher frequency of total anomalies was observed in NT
embryos (55.0%). 

Hyperploid embryos may be a result of cytokinetic failure, endoreplication, or
blastomere fusion [79]. Conversely, most hypoploidy abnormalities are generated

TABLE 8.4
Chromosomal Abnormalities of 
Domestic Cat and African Wildcat 
Fibroblasts Cultured for Several 
Passages

Aneuploid Cells

Cell Passage
No.

Domestic Cat
(%)

African Wildcat
(%)

1 18.7a 36.0a

3 — 35.2a

4 18.6 a 42.3ac

5 33.3 ab 62.8b

6 50.1 ab 56.8bc

7 51.0 ab 77.7d

8 53.9b 88.8d

9 87.5c 97.7d

Note: Different superscripts within the same column
indicate significant differences (chi-square, P < 0.05).
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by the failure of sister chromatids in mitosis or paired chromosomes in meiosis to
migrate to opposite poles at cell division [80], and may be a consequence of in vitro
culture.

Accordingly, based on these results for NT, the authors currently use domestic
and nondomestic cat donor cells at early passages when the percentage of cells with
chromosomal abnormalities is low. It is recommended that the chromosomal stability
of each cell line be analyzed prior to NT to avoid or reduce the incidence of
chromosomal anomalies that may lead to lower cloning efficiency. The use of more
advanced techniques, such as finding chromosome-specific probes for FISH in the
cat, will provide more informative data on individual embryos than the conventional
method of karyotyping.

8.4 ACTIVATION OF DOMESTIC CAT OOCYTES 

Appropriate artificial activation is an essential component of the NT procedure
because initiation and regulation of events during the first cell cycle are crucial for
proper reprogramming of the donor nucleus and subsequent embryonic development
[81]. It is well known that, during fertilization, spermatozoa entry triggers a series
of intracellular calcium oscillations [82] that activate a calmodulin-dependent protein
kinase II (CAMK-II). In turn, cytostatic factor (CSF) activity is down-regulated,
releasing a proteolytic degradation of cyclin B; finally, MPF and MAP kinase are
inactivated [83–86], leading to a resumption of meiosis and pronuclear formation.
Therefore, after NT, fused couplets must be artificially activated to replace events
induced by sperm entry during the normal fertilization process and to enter the first
mitotic division. This part of this review considers the methods used to activate
domestic cat oocytes and the effectiveness of these activation methods in recon-
structed embryos after NT.

8.4.1 ACTIVATION BY EXPOSURE TO CALCIUM IONOPHORES

A wide spectrum of activating stimuli, such as calcium ionophores, ethanol, or
electrical pulses, are used to induce oocyte activation in several species. Calcium
ionophore A23187 has been suggested as a universal activator [87] that induces
intracellular calcium release [88], as well as an influx of extracellular calcium [89].
Also, ionomycin is another widely used ionophore and is believed to be more
effective than A23187. 

In the authors’ laboratory, preliminary experiments were done to determine the
adequate concentration and exposure time of the ionophores necessary to induce
parthenogenetic activation of domestic cat oocytes [90]. Mature oocytes were
exposed to two ionophores (A23187 or ionomycin) at two different concentrations
(5 or 10 µM) for 3 or 5 min. Results indicated that the activation rate — defined as
the percentage of oocytes containing one or two polar bodies and one or two
pronuclei — was higher after activating oocytes matured in vivo (60%) than oocytes
matured in vitro (47%). The frequency of cleavage on day 2 was higher for oocytes
exposed to the calcium ionophore for 5 min than for oocytes exposed for 3 min:
42.8 vs. 23.7%, respectively (P < 0.05).
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In contrast, cleavage frequency was not affected by the type of calcium ionophore
(A23187 = 34.8% and ionomycin = 31.7%) or calcium concentration (5 µM = 30.4%
and 10 µM = 36.1%). Blastocyst development on day 7 was not affected by any of
the preceding variables, and frequencies of blastocyst development ranged from 7.1
to 16.7%. Although similar cleavage frequencies were observed after exposing oocytes
to ionomicin as compared to A23187, no blastocysts were obtained when oocytes were
exposed to 10 µM of ionomycin for 5 min. In fact, cytogenetic analysis of oocytes
matured in vitro that did not cleave after exposure to 10 µM ionomycin for 3 or 5 min
demonstrated that most oocytes exhibited abnormal chromosomal distribution, com-
pared with oocytes exposed to the lower concentration of ionomycin. 

8.4.2 ACTIVATION BY APPLYING ELECTRICAL STIMULI

Oocyte activation has been also induced by single or multiple electrical stimuli.
After applying an electrical pulse, the oocyte membrane becomes porous, facilitating
entry of extracellular calcium, which, in turn, induces intracellular calcium increase
and oocyte activation (see review by Macháty et al. [91]). Also, this calcium influx
may possibly trigger inositol 1,4,5-triphosphate production, inducing intracellular
calcium release [92].

The effect of applied voltage field strength (V/mm) and pulse number on embryo
development and blastocyst formation of domestic cat oocytes matured in vitro was
evaluated. DC pulses of 120, 140, and 160 V/mm were applied to oocytes once or
twice at intervals of 0.2 sec for 60 µsec. Preliminary results indicated that the voltage
field strength did not influence cleavage frequency and blastocyst development;
however, the number of pulses had a direct effect on cleavage frequency [90]. A
higher percentage of oocytes cleaved when they were exposed to two pulses at 120
V/mm (53%), 140 V/mm (60%), and/or 160 V/mm (80%) compared to oocytes
exposed to one pulse (38, 40, and 39%, respectively; P > 0.05). Although cleavage
frequency was higher after two pulses, blastocyst development was not different
after one (2.2%) or two (2.6%) pulses. 

Similar results have been reported in pigs in which oocytes were exposed to a
single electrical pulse at three voltage field strengths [93]. Blastocyst development
was not affected by the voltage field strength; however, when the number of pulses
was increased and applied in three consecutive pulses, higher blastocyst rates were
found at a low voltage field strength (1.0 kV/cc = 55.0%) than at a higher voltage
field strength (1.25 kV/cm = 26.0% or 1.5 kV/cm = 35.0%). 

Although preliminary results did not show an improvement in blastocyst devel-
opment after applying two consecutive pulses, it is possible that the number of pulses
should be increased. Several other factors that should be evaluated in cat oocytes
— such as oocyte age, pulse duration, and an overall interaction among voltage field
strength, pulse number, and duration [93] — influence the oocyte response to electric
activation.

The preliminary results demonstrated that domestic cat oocytes can be activated
by exposure to calcium ionophores or an electrical stimulus. Although either of the
two calcium ionophores can be used, precaution is needed with high concentrations
of ionomycin, and exposure time to either or both ionophores should not be less
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than 5 min. Although electric activation with two pulses enhanced cleavage rates
compared to ionophores, blastocyst development was lower. It is important to men-
tion that, although these activating stimuli can induce parthenogenetic activation,
they result in reduced blastocyst development. Improvements to the electrical acti-
vation protocol may enhance the percentage of blastocysts produced. 

8.4.3 ACTIVATION BY COMBINATION OF SEQUENTIAL ACTIVATION 
TREATMENTS

The efficiency of artificial activation of oocytes can be improved by combining
treatments, such as exposure to calcium activators or electrical pulses to produce an
increase in intracellular calcium and a transient down regulation of MPF, with the
administration of inhibitors of protein synthesis (cycloheximide, CHX) or protein
phosphorylation (6-dimethylaminopurine, 6-DMAP) to induce a persistent inhibition
of MPF and MPA kinase activity [94,95]. The production of cyclin B1, a component
of the MPF, is prevented by CHX. The result is a drop in active MPF levels and
resumption of oocyte meiosis. Inhibiting phosphorylation of a specific threonine and
tyrosine, part of the MAP kinase, produces induction of oocyte activation by 6-
DMAP. High levels of MAP kinase during maturation prevent activation of oocytes
[96]; therefore, inhibition of protein kinases with 6-DMAP results in meiotic resump-
tion. These combined activation protocols allow high rates of activation and support
successful development of parthenogenetically activated oocytes and reconstructed
embryos from several mammalian species [95,97–106].

Table 8.5 summarizes the development of domestic cat oocytes parthenogenet-
ically activated by combined activation treatments. In the domestic cat, electrical
stimuli followed by 4 to 7 h culture in 10 µg/ml CHX or 2 mM 6-DMAP stimulated
a higher percentage of oocytes to develop to the blastocyst stage (22.6 to 27.4%)
[25, 107] than electrical stimuli alone (2.2 to 2.6%) [90]. Also, combined treatments
of electrical stimuli and 6-DMAP or CHX gave higher blastocyst rates than combined
treatments of calcium ionophores or ethanol and protein synthesis inhibitors (see
Table 8.5). In one exception, high blastocyst rates were observed by using a com-
bined treatment of 5 µM A23187 and 2.5 mM 6-DMAP or 10 µg/ml CHX [108].
Similar results have been observed in rabbit and pig oocytes, in which higher
activation rates were found after using a combined treatment of electrical stimuli
and 6-DMAP than with electrical stimuli alone [111,112]. In another study with rat
oocytes, a combined treatment of electrical stimulus and 6-DMAP gave higher rates
of activation and blastocyst development than combined treatment with ethanol and
6-DMAP [105]. 

The blastocyst cell number was reduced in domestic cat oocytes activated with
a combined treatment of calcium ionophores and CHX or 6-DMAP compared to
those activated with electrical stimuli and CHX (Table 8.5). However, the cell
numbers of the domestic cat blastocysts were similar to those reported in embryos
cloned from African wildcat [25]. 

It is not clear why blastocyst cell numbers were reduced in oocytes initially
treated with calcium ionophore, but a high frequency of chromosomal anomalies
might explain the lower cell number of these parthenogenetic embryos. It was
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previously showed that the activation of cat oocytes with a high concentration (10
µM) of ionomycin induced chromosomal abnormalities. Another cause for the low
cell number might be that the artificial activation protocol is unable to support
repetitive and long lasting calcium oscillations. It is not clear how repetitive calcium
oscillations may be beneficial for embryonic development, but, in the mouse, the
persistence of calcium oscillations is closely correlated to the number of inner cell
mass cells and to implantation rate [113]. Moreover, calcium oscillations may stim-
ulate development by facilitating expression of developmentally relevant genes [114]
or by promoting recruitment of maternal mRNAs and post-translational modifica-
tions of proteins that may regulate early cleavage stages [115]. Thus, the inability
of artificial activation protocols to support repetitive and long lasting calcium oscil-
lations may compromise the developmental ability of cloned embryos. 

In summary, domestic cat oocytes can be partially activated by chemical or
electrical stimuli. However, the combination of electrical stimulation and protein
synthesis (CHX) or protein phosphorylation (6-DMAP) inhibitors is more effective
and gives higher frequencies of development to the blastocyst stage. 

TABLE 8.5
Development of Domestic Cat Oocytes Parthenogenetically Activated

Oocyte Activation Treatment No. (%) Developing to

Ca+
Activator

Protein
Inhibitor

2–6 Cells
(D2–3)

Blastocyst
(D7–8)

Blastocyst
Cell Number ±±±± SEM Ref.

5 µM A23187 2 mM 6-DMAP 70/100 (70.0) 12 (12.0) a 29
10 µM A23187 2 mM 6-DMAP

10 µg/ml CHX
25 µM ROS

20/37 (54.0)
19/40 (48.0)
15/29 (52.0)

5 (13.5)
4 (10.0)
5 (17.3)

54.6 ± 46.4
25.5 ± 27.8
23.2 ± 11.1

109

5 µM ionomycin 2 mM 6-DMAP
10 µg/ml CHX
25 µM ROS

18/38 (47.0)
22/42 (52.0)
6/28 (21.0)

3 (7.9)
3 (7.1)
2 (7.1)

126.6 ± 11.1
20.0 ± 10.0
18.0 ± 2.8

5 µM A23187 2.5 mM 6-DMAP
10 µg/ml CHX + 

2.5 µg/ml CD

142 (88.0)
143 (82.0)

a(45.0)
a(28.0)

a

a

108

7% Ethanol 10 µg/ml CHX + 
1.25 µg/ml CD

56/62 (90.3) 8 (12.9) a 110

Electric pulse (n = 2)
120 V/mm – 60 µsec

10 µg/ml CXH + 
5 µg/ml CB

a a(27.4) 129.0 ± 28.0 25

Electric pulse (n = 2)
3.0 kV/cm – 25 µsec

10 µg/ml CHX + 
5 µg/ml CB

61/84 (72.6) 19 (22.6) 154.9 ± 47.5 107

Electric pulse (n = 2)
140 V/mm – 60 µsec

2 mM 6-DMAP
10 µg/ml CHX + 

5 µg/ml CB

36/43 (83.7)
55/65 (84.6)

11 (25.6)
12 (18.5)

90

a Not specified.
Notes: 6-DMAP = 6-dimethylaminopurine; CHX = cycloheximide; ROS = roscovitine; CD = cyto-
chalasin D; CB = cytochalasin B. Percentage of oocytes that developed to 2–6 cells, or blastocyst, are
of the total number of oocytes activated.
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8.4.4 ACTIVATION AFTER NUCLEAR TRANSFER

The efficiency of a combination of sequential activation treatments on development
of reconstructed embryos following NT in domestic and nondomestic cats has been
demonstrated (Table 8.6). Indeed, the first domestic and African wildcat cloned
kittens from somatic cells were produced by a combination of electric activation
and CHX [5,6]. 

A comparison between activation treatments to determine possible improve-
ments in embryo cleavage and blastocyst development after NT has not been reported
in the domestic cat, but the summary data presented in Table 8.6 indicate no major
influence of the activation protocol on embryo cleavage and development to the
blastocyst stage. The results show that any of the combined activation protocols can
be used to produce cloned embryos; however, the developmental competence of
cloned embryos derived from activation protocols using calcium ionophores or
ethanol has not been tested.

8.4.5 EFFECT OF ACTIVATION ON OOCYTE CYTOPLASMIC FACTORS

The biochemical activity of MPF and MAP kinase of  domestic cat oocytes matured
in vitro that were chemically activated by a combination of ionomycin (5 µm for 4
min) and subsequent exposure to CHX (10 µg/ml) for 5 h was evaluated at 0, 10,
and 20 h postactivation [116]. The authors reported that kinase activity of MPF and

TABLE 8.6
Development of Domestic and Nondomestic Cloned Embryos Activated by 
Combination of Sequential Activation Treatments

Oocyte Activation Treatment
Reconstructed Embryos 

Developing to

Ca+
Activator

Protein
Inhibitor

2–6 Cells
(D2–3) (%) 

Blastocyst
(D7–8) (%) Ref.

5 µM A23187 2 mM 6-DMAP 54.8–72.5 2.6–7.5 29
5 µM A23187 2.5 mM 6-DMAP 78.0 19.0 108
10 µM A23187 10 µg/ml CHX 8.0–27.0 2.0–7.0 24
7% Ethanol 10 µg/ml CXH 28.2–56.0 5.2–8.0 21
7% Ethanol 10 µg/ml CHX + 1.25 µg/ml CD 85.0 11.7 110
Electric pulse (n = 2)
120 V/mm — 60 µsec

10 µg/ml CHX + 5 µg/ml CB 67.0–86.0
79.0–89.0a

2.5–3.5
17.0–33.0a 25

Electric pulse (n = 2)
3.0 kV/cm – 25 µsec

10 µg/ml CHX 80.0 10.0 23

Electric pulse (n = 2)
1.4 kV/cm – 40 µsec

None + 10 µg/ml CB 78.9 10.5 62

a Indicates African wildcat cloned embryos.
Notes: 6-DMAP = 6-dimethylaminopurine; CHX = cycloheximide; ROS = roscovitine, CD = cyto-
calasin D; CB = cytocalasin B. Percent of reconstructed embryos that developed to 2–6 cells, or
blastocyst, are of the total number of activated couplets.
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MAP kinase was decreased at 0 h after activation and that, by 10 h, the levels of
both had significantly decreased. At 20 h, the levels of MAPK had decreased even
further, but the levels of MPF had risen again. Although MPF and MAP kinase
activity was decreased after activation, MAP kinase activity lagged behind that of
MPF. 

Similar results to those reported by Keller et al. [116] were observed when kinase
activity of ovine oocytes exposed to 7% ethanol was evaluated [117]. In this exper-
iment, the decrease in MPF activity preceded the decrease of MAPK. According to
the authors, a different pattern of inactivation between both kinases indicated that
the MAPK inactivation was independent of MPF inactivation. In the domestic cat,
the inactivation of MAP kinase was also preceded by the inactivation of MPF, and
the levels of MAPK remained lower at 20 h, at which time MPF levels started to
rise again. These differences in inactivation may also suggest that the inactivation
of each kinase is independent of the other in the domestic cat.

The level of both kinases decreased significantly at 10 h in the domestic cat after
activation compared to unactivated controls; by 20 h, concomitant with the first cleav-
age division, the levels of MPF had started to rise again [116]. Similar kinase activity
has been observed in pig oocytes; the MPF levels in inseminated and activated oocytes
remained low at 16 h and increased at 24 h, although the amplitude of decline in MPF
activity was smaller for inseminated oocytes [112]. The MPF and MAP kinase activity
of domestic cat oocytes fertilized in vitro has not been determined; however, it is
possible that the kinetics of MPF and MAPK activity following combined activation
treatment may be similar to that occurring following fertilization.

8.5 EMBRYO TRANSFER AND DEVELOPMENT OF 
CLONED EMBRYOS

To obtain the first kitten cloned from a domestic cat, 82 day-1 embryos were
transferred into the oviduct of eight recipient cats (mean = 10.2 embryos per cat),
from which two pregnancies (25.0%) were established. The implantation rate (2.3%)
and the percentage of embryos developing to term (1.1%) were similar to those
observed in other species (1.0 to 4.0%) [118]. The cloned kitten [5] was a calico
female (“CC”) born on December 22, 2001, after the transfer of five cloned embryos
(three derived from cumulus cells and two derived from fibroblasts cells). Micro-
satellite analysis performed on the oral swab collected from the cloned kitten con-
firmed that “CC” was derived from the cumulus cell line. Despite the overall low
percentage of embryos developing to term in this study, a high implantation rate
was observed (20.0%) if one considers only the number of embryos (n = 5) trans-
ferred to the recipient that produced the term kitten. Although the other recipient
cats received a mean number of 11.3 cloned embryos, they were derived from
fibroblasts and the single embryo that implanted ceased development by day 44 of
gestation. 

As discussed earlier in Section 8.3.4, no differences in the frequency of blastocyst
development of embryos reconstructed with cumulus cells or adult and fetal fibro-
blasts have been observed in the domestic cat (see Table 8.3). Although substantial
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differences exist between differentiated adult tissues, no evidence indicates that
embryo development to term is improved by using a specific cell type; however
epigenetic differences within cell types may have a marked effect on production of
cloned offspring [68]. Few embryos were produced in the study by Shin et al. [5]
and only one embryo transfer was done with NT embryos derived from cumulus
cells. Nonetheless, these results may indicate that cat NT embryos derived from
cumulus cells produce a higher frequency of fetal development to term compared
to fibroblast cells. Clearly, the influence of cell type on the percentage of normal
offspring produced after transfer of NT embryos requires evaluation.

Recently, the birth of the first wild carnivores by interspecies nuclear transfer
and interspecies embryo transfer was reported [6]. The first AWC cloned kitten that
survived the postnatal period was a male named Ditteaux (Figure 8.9) born on August
6, 2003. Subsequently, two additional males, known as Miles and Otis (Figure 8.10)
were born on November 15, 2003. A total of 1552 AWC cloned embryos were
produced by fusion of adult AWC fibroblasts with enucleated domestic cat oocytes.
When fewer than 25 embryos (range = 15 to 25) were transferred into each recipient
(n = 24), none of the domestic cat recipients became pregnant. However, when more
than 30 embryos per recipient (range = 36.6 to 46.3) were transferred into 26
domestic cats, a total of 12 cats became pregnant (46.1%).

Of the 24 cloned embryos implanted (2.2%), nine fetuses died in uteri between
days 30 and 50 of gestation and 15 embryos developed to term (>60 days; 1.5%).
The embryo implantation rate and viability of AWC cloned embryos was comparable
to that observed after the transfer of domestic cat embryos. Although AWC cloned
embryos were derived from interspecies NT and their mitochondria may be hetero-
splasmic, the embryo survival rate was not reduced compared to embryo transfer
results in domestic cats. 

FIGURE 8.9 First African wildcat cloned kitten, “Ditteaux,” with domestic cat surrogate
mother.
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Most cat embryos have been transferred by laparotomy, although a few oviductal
transfers have been accomplished by laparoscopy. Whether transfers to the oviduct
occurred on day 1 or to the uterus on day 5 or day 6, pregnancy rates following
transfer of AWC cloned embryos were similar (50.0, 44.4, or 40.0%, respectively).
However, the number of fetuses implanting after transferring embryos on day 1 (n
= 17) was higher than after transferring embryos on day 5 (n = 4) or day 6 (n = 3).
These results indicate that embryo transfer into the oviduct at early cleavage stages
can “rescue” some NT embryos by minimizing the detrimental effects of in vitro
culture and may increase the number of kittens produced from each transfer.
Although numerous factors contribute to the low embryo viability, an incomplete
reprogramming of the differentiated nucleus should be considered the primary lim-
itation to in vivo development potential of cloned embryos. 

Abortions are frequently observed at various stages of pregnancy after transfer
of cloned embryos. For example, in cattle and sheep, one third of the pregnancies
are lost during gestation [119]. The major cause of the fetal mortality [120] and an
influence on neonatal defects [121] is abnormal placental development. As men-
tioned previously, at least one third of the AWC cloned fetuses ceased development
between days 30 and 50 of gestation and it appears that placental atrophy may be
the principal cause of fetal losses. In addition, placental dysfunction resulted in
premature separation before delivery with a secondary consequence of respiratory
failure due to lung immaturity [6]. 

A variety of anomalies has been reported in cloned offspring. In most cases, no
comparison of the incidence of abnormalities in a comparable population is reported,
and it is possible that some problems attributed to the NT process are due to other,
nonrelated causes. Nevertheless, some recurring abnormalities can be found in
cloned animals, such as increased birth weight, cardiovascular defects, respiratory
failure, internal organ, placental, and brain defects, failure of the immune system,

FIGURE 8.10 African wildcat cloned kittens, “Miles” and “Otis.”
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and septicemia (see Wilmut et al. [119] for more details). Several of these disorders
have also been reported in lambs and calves [122–125] produced in vitro.

In the authors’ study, a number of abnormalities were observed in stillborn
kittens and in those that died in the early postnatal period. An open wall cavity with
organ exteriorization, respiratory failure, and septicemia in neonates were the main
causes of death in the cloned kittens (Table 8.7). Abnormalities were found in kittens
born after early (day 1) and late (day 5 or day 6) transfer; however, the open wall
cavity with organ exteriorization was observed only in the early transfer group. There
are not enough fetuses to determine whether differences exist between treatments.
Nonetheless, live domestic and AWC cloned kittens are normal and healthy and it
is important to continue evaluating these animals throughout their lives and to test
their capability for reproduction.

8.6 GENE EXPRESSION AND IMPRINTING IN CLONED 
EMBRYOS

The efficiency of animal production by NT using somatic donor cells is still quite
low. The initial success is measured by the efficiency of blastocyst development and
by the production of viable offspring. However, the relatively successful development
of NT embryos to the blastocyst stage in vitro is in contrast to their reduced
competence to undergo implantation and subsequent fetal development following
transfer to recipient animals [126].

For successful development of the reconstructed embryo, the donor nucleus must
be reprogrammed to establish the temporal, spatial, and quantitative well-coordinated
expression pattern associated with normal embryo development. Reprogramming of
the nucleus constitutes a structural remodeling along with changes in genomic
activity. The mechanism of reprogramming of somatic cells after NT is still unclear,
but epigenetic DNA modification, such as DNA methylation [127] and changes in
chromatin configuration [128] are probably involved. By definition, gene imprinting

TABLE 8.7
Number of Losses and Abnormal Cloned Kittens Born from 
Each Treatment Group

Kittens from
Early Transfer

(n, %)

Kittens from
Late Transfer

(n, %)

Fetuses reabsorbed days 30–40 6/17 (35.3%) 1/7 (14.3%)
Died in uteri days 45–50 gestation 2/17 (11.7%) 0
Died in uteri just before delivery 2/17 (11.7%) 2/7 (28.6%)
Died by respiratory failure 1–2 h after delivery 1/17 (5.9%) 2/7 (28.6%)
Died by septicemia 36–72 h after delivery 1/17 (5.9%) 1/7 (14.3%)
Open wall cavity with organ exteriorization 3/17 (17.6%) 0

Source: Data from Gómez, M.C. et al., Cloning Stem Cells 6, 247, 2004.
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is the phenomenon in which the paternal or the maternal allele of a gene is expressed
while the other allele is repressed, thus resulting in monoallelic expression of a
subset of genes in the mammalian genome. Therefore, any changes in gene expres-
sion pattern can be manifested in embryo or fetal abnormalities.

To date, approximately 50 such genes have been found, with about one half
expressed from the maternal allele and one half from the paternal allele [129]. The
first imprinted gene to be described was insulin-like growth factor II (IGF2), whose
product is a major fetal growth factor and is involved in the metabolism of early
embryos. It is also a well-known survival factor that has been shown to protect a
range of cell types from apoptosis [130]. In addition, it is possible that IGF2
moderates placental proliferation and that its expression is determined by the pater-
nal:maternal allele expression ratio. 

Previous studies with mouse and bovine embryos have shown that the onset of
IGF2 gene transcription is markedly delayed following IVF and culture in vitro
[131–133]. Therefore, abnormal levels of IGF2 expression may lead to failure of
blastocysts to implant or to embryonic death in utero [134]. Overgrowth in fetuses
derived from sheep embryos cultured in vitro before transfer to recipients has been
associated with abnormal levels of IGF2 expression [135]. In humans, a genetic
abnormality called Beckwith–Wiedemann syndrome (B–WS) is involved with the
deregulation of several genes, including IGF2 and cyclin-dependent kinase inhibitor
1C (CDKN1C) [136]. B–WS is characterized by abdominal wall defects, viscer-
omegaly, macroglossia, pre- and postnatal overgrowth, and neonatal hypoglycemia,
and occurs at a higher incidence in babies produced by IVF [137]. Three of the
authors’ AWC cloned kittens were born with a major abnormality that consisted of
incomplete closure of ventral body wall musculature with exteriorization of abdom-
inal organs (Figure 8.11). Whether the body wall pathology is caused by gene
deregulation or is merely a consequence of another wall anomaly is not known. 

FIGURE 8.11 Abnormal African wildcat cloned with incomplete closure of ventral body
wall musculature and exteriorization of abdominal organs.
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8.6.1 IGF2 GENE EXPRESSION FROM DOMESTIC CAT EMBRYOS

In the domestic cat, limited information about gene expression and a lack of primer
sequence information is available — particularly information about IGF2 mRNA
expression. In the authors’ laboratory, preliminary studies have been conducted to
identify primers and to evaluate the expression of IGF2 and the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [138]. A pool of ~50 domes-
tic cat morula and/or blastocysts produced by IVF/IVC was used to isolate mRNA
using a modified protocol of the PolyAT Tract System (Promega, Madison, Wiscon-
sin). All RNA isolated was reverse transcribed and subjected to real-time PCR using
primers described previously for feline GAPDH [139] and a highly conserved region
of IGF2 [140]. 

Both sets of primers were able to amplify their target sequences from feline
embryos successfully. The GAPDH primers, GAPDH.57f (5′-GCCGTF-
FAATTTGCCGT) and GAPDH.138r (5′-GCCATCAATGACCCCTTCAT), pro-
duced a product approximately 95 base pairs in length that was confirmed by
sequencing. The IGF2 forward, IGF2f (5′GGGGACCGCGGCTTCTACTTCAG),
and reverse, IGF2r (5′-GGGGTGGCACAGTACGTCTCCAG), primers success-
fully amplified a conserved region of the IGF2 gene (Figure 8.12). The ~130-bp

FIGURE 8.12 Analysis of IGF2, GAPDH, and molecular markers in domestic cat embryos
derived from IVF.

   M G IGF2

~129 bp 
Feline IGF2

M= Molecular markers 
G= GAPDH housekeeping gene

100 bp
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region was confirmed by sequencing to be homologous to IGF2 in human, mouse,
and pig, as well as a variety of other species.  

The gene expression of GAPDH from RNA isolated from a single AWC cloned
blastocyst has also been evaluated using a reverse transcription protocol adapted
from Stojanov and O’Neill [132] and a low-volume RT reaction for real-time PCR
utilizing the previously described primers. In addition to real time analyses, the
reaction products were confirmed by electrophoresis on 3% agarose gels stained
with ethidium bromide and visualized under UV light (Figure 8.13). 

In summary, these preliminary results indicated that domestic cat embryos pro-
duced in vitro expressed IGF2 and GAPDH, and AWC cloned embryos expressed
the housekeeping gene GAPDH. In further studies, it will be necessary to charac-
terize the expression of IGF2 in AWC cloned embryos and tissues derived from
abnormal cloned kittens. A detailed analysis of specific gene transcription in cloned
embryos may help to determine some factors involved in the development failure.
In addition, the identification of genes whose expression is frequently abnormal in
cloned embryos will provide genetic markers that can be used to assess embryo
viability prior to transfer to recipient animals. 

8.7 INTERGENERIC NUCLEAR TRANSFER

One of the most exciting aspects of somatic cell NT is the possibility of avoiding
extinction when few animals of a specific felid population remain. Intergeneric
NT presents the prospect of retaining critically important genetic material by using
domestic cat oocytes as recipient cytoplasts. The authors’ have successfully dem-
onstrated that interspecies NT can be achieved by using closely related species
for the Felis genera. More extreme intergeneric combinations have not produced
viable progeny to date, but have resulted in successful early embryo development
in vitro. 

FIGURE 8.13 Analysis of GAPDH and molecular markers (M) in single AWC cloned blas-
tocysts (B).

MB B

98 bp 
GAPDH
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Fibroblast nuclei of Korean tiger (Panthera tigris altaica) [141]; leopard cat
(Prionailurus bengalensis) [110]; and rusty spotted cat (Prionailurus rubiginosus)
[142] supported blastocyst formation after transfer to enucleated domestic cat
oocytes. The development of intergeneric leopard cat (6.7%) and rusty spotted cat
(3.4%) cloned embryos to the blastocyst stage was lower than the development of
domestic cat (13.7%) or AWC (33.3%) cloned embryos. Similarly, Korean tiger
fibroblasts transplanted to bovine oocytes supported the development of embryos to
the morula/blastocyst stage (1.8%) but at lower efficiency than when transplanted
to domestic cat oocytes (8.8%) [141]. 

The low frequency of development to the blastocyst stage of these intergeneric
cloned embryos may be a result of mitochondrial heteroplasmy. Indeed, embryos
derived from mice that contained mitochondrial heteroplasmy had reduced ability
to develop to the blastocyst stage that was associated with the foreign mitochondria
[143]. 

Normal embryogenesis requires a correct interaction between the nucleus and
the ooplasm because mitochondria (mtDNA) play an important role in supplying
ATP for all energy-requiring cellular activities [144]. During normal fertilization,
the sperm mitochondria are ubiquitinated and the mtDNA of the progeny is mater-
nally inherited [145]; however, during NT, the fate of the mtDNA appears to be
rather different. In interspecies cloned animals, it has been reported that the mtDNA
primarily arises from the oocytes [146–148]. Thus, intergeneric macaque-rabbit
[149,150] or panda-rabbit [151] cloned embryos displayed mtDNA heteroplasmy.
In the case of macaque-rabbit NT embryos, mtDNA derived from the rabbit oocyte
eventually became the predominant organelle at the blastocyst stage [150]. Con-
versely, in panda-rabbit NT embryos, mtDNA derived from panda somatic cells
predominated during fetal development [151].

The mechanism regulating the distribution of foreign mtDNA in developing
embryos or tissues is not known. For example, Yang and coworkers [150] demon-
strated that mtDNA of macaque-rabbit cloned embryos changed their distribution
during development. Both kinds of mtDNA were present at the two- to eight-cell
stage, but the macaque mtDNA derived from the donor nucleus dramatically
decreased after the morula stage [150]. Limited information is available about how
these mtDNA changes occur and their effect on embryo and fetal viability. None-
theless, a superior phenotype was observed when heteroplasmic cloned fetuses were
produced using Bos taurus as donor cells and Bos indicus as recipient oocytes, as
compared to cloned fetuses that were completely Bos indicus [152].

Also, mtDNA heteroplasmy was found in embryonic stem cells (ESC) obtained
after fusing human somatic cells with enucleated rabbit oocytes, and the ESC
maintained their heteroplasmy after several passages and were able to develop into
cell types of three germ layers. More recently, healthy female mice carrying human
mtDNA were able to produce normal progeny that also carried human mtDNA [153].
Therefore, interspecies mitochondrial heteroplasmy may not be an obstacle to pro-
ducing viable cloned offspring. 

The domestic cat has been shown to be a successful recipient of embryos from
small wildcat species. Embryo transfer of nondomestic felid embryos fertilized in
vitro has resulted in the birth of Indian desert cat and African wildcat kittens [2,154].
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In addition, AWC kittens have been produced by transferring embryos derived by
somatic cell NT into domestic cats [6]. Pregnancies were initiated in domestic cat
recipients following transfer of fishing cat [155] fertilized in vitro and cloned panda
embryos derived from fusing somatic nuclei of panda cells with enucleated rabbit
oocytes [151]; however, development ceased during the first trimester of gestation. 

Clearly, embryo implantation and fetal development after intergeneric embryo
transfer can be obtained, but compromised maternal–fetal interaction is preventing
fetal development to term. Although some problems associated with intergeneric NT
can be overcome by improving the embryo culture system or the NT process,
incompatibility between maternal–fetal interactions is more difficult to resolve. In
spite of these limitations, successful intergeneric embryo transfer is possible, as
demonstrated by the birth of a live healthy bongo (Tragelaphus eurycerus) calf after
the transfer of bongo embryos into a surrogate eland recipient (Taurotragus oryx)
[156].

8.8 CONCLUSIONS

Nuclear transfer has contributed significantly to biomedical sciences. Further devel-
opment of the technology in the domestic cat will not only be important for repro-
gramming somatic cells from endangered species and reproducing desired geno-
types, but also in dedifferentiating somatic cells that have been genetically modified.

The domestic cat is a distinctive mammalian species that exhibits a close genetic
relationship to the human genome [157,158] and is a valuable research model in
biomedicine for the study of several human disorders. Particularly advantageous is
the possibility of combining transgenic and cloning technology to produce embryos
and offspring that will carry genes for specific human disorders. This is accomplished
by knocking out (KO) the specific gene on a cell line growing in vitro and using
the KO cells as donor cells for generating clone embryos. Some improvements of
NT efficiency have been made during the last decade; however, it is necessary to
gain a better understanding of the molecular and biochemical aspects of nuclear
reprogramming for further improving the technology and reducing some of the
failures of somatic cell nuclear transfer. 

Lastly, for preserving endangered species, it is relevant to consider the possibility
of genetic incompatibility between the donor nucleus and the cytoplasm mitochon-
dria in reconstructed cloned embryos and its potential effect on the successful
generation of live offspring. 
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9.1 HISTORICAL NOTES: EMBRYONIC CLONING

 

The ovine species deserves indeed a place of honor in nuclear transplantation
research. Lambs were the first large animals produced by nuclear transfer of embry-
onic cells into enucleated oocytes [1]. Approximately 10 years later, the same
experimental procedure led to the production of the first lamb cloned from an adult
somatic cell [2]. Two waves of interest followed from these major scientific break-
throughs. The first successful embryonic cloning in a farm animal species was met
with favor among reproductive physiologists, and several private companies were
set up to exploit embryo cloning for the multiplication of elite genotypes commer-
cially [3]. However, low success rates rapidly revealed the empiricism of the
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technology, indicating that the passage from the bench to the farm had occurred too
quickly.

This drop in enthusiasm following the initial failures was accompanied by an
intense basic research effort that focused on the interaction between the recipient
cytoplasm and the transferred nucleus. As soon as scientists started to look at the
nuclear dynamics following nuclear transfer [4], it became clear that nuclear trans-
plantation procedures had ignored basic cell cycle rules established in the 1970s [5].
These classical cell fusion studies had clearly demonstrated a dominant effect of the
mitotic cytoplasm over other cell-cycle stages. Particularly, nuclei that were in any
cell cycle stage (G1, S, G2) other than M-phase were found to be modified by the
mitotic cytoplasm so that their chromosomes acquired a mitotic conformation — a
process called premature chromosome condensation (PCC) [6].

PCC was consistently observed when embryonic cell nuclei were transferred
into enucleated metaphase II oocytes [4]. However, PCC induction during S phase,
a cell cycle stage at which the majority of embryonic cells are at any one time during
the early embryonic cleavages, resulted in extensive DNA fragmentation [7]. Such
DNA damage was thought to be responsible for the limited development of oocytes
reconstructed with embryonic nuclei. Subsequently, extensive experimental work
was aimed at determining the ideal combination between metaphase II oocytes, the
classical recipient cytoplasts, and the transferred nucleus [7–11]. This joint effort
between embryologists and cell cycle experts was precious at that time, in that
various solutions were proposed to improve the viability of sheep embryos derived
by nuclear transfer [12,13]. Pharmacological control of the kinase cascade involved
in cell cycle progression, for instance, resulted in a considerable enhancement of
nuclear transfer efficiency in sheep [14].

 

9.2 SOMATIC CELL NUCLEAR TRANSFER

 

Following the initial hurdles, by the late 1990s embryonic cell nuclear transfer had
become a reliable procedure and clones composed of seven to nine normal individ-
uals were regularly produced in advanced experimental farms [14]. Then, in 1997,
the production of the first mammal by nuclear transfer of a somatic cell derived
from an adult individual — Dolly, the sheep — was announced [2]. The enthusiasm
following this remarkable achievement was stronger even than that evoked by clon-
ing from embryonic cells. This breakthrough promised fantastic opportunities in the
applied and basic sciences.

In reality, however, the only clear outcome following Dolly was a massive
increase in the number of laboratories attempting somatic cell nuclear transfer. These
combined efforts resulted in nothing but evidence of the low efficiency of the
different cloning procedures [15]. Various problems, encountered worldwide [16],
cooled the initial enthusiasm and (as had occurred 10 years earlier with embryonic
cell cloning) basic studies that aimed at a better understanding of molecular mech-
anism underlying somatic cell nuclear transfer were initiated. However, this time,
the task was going to be more complicated than with the embryonic cells. 

Reprogramming embryonic cells that have just started the differentiation pro-
cess is a relatively easy task. It is much more complicated to reprogram the cellular
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memory of a fully differentiated cell taken from an adult individual [17,18]. The
logical outcome of incomplete reprogramming is poor development of embryos
or fetuses derived from enucleated oocytes whose development is directed by a
somatic cell and by frequent postnatal death in clones (Loi et al., submitted).
Although the sheep was the first mammal to be cloned from adult cells, all the
preceding problems, particularly the frequent postnatal death [16], are more serious
than in other species (Table 9.1). Consequently, after Dolly the sheep was put
down in 2003 [19], to the authors’ knowledge, there are no longer any living adult
cloned sheep (Figure 9.1).

The picture changes when one considers other farm animals. Cloned cattle
(Chapter 4, this book), pig (Chapter 2, this book), and probably also goats develop
much better once they have overcome the critical perinatal phase; subsequently, for
the most part, they grow and breed normally. 

 

9.3 EFFORTS IN OVINE SOMATIC CELL CLONING

 

Retrospective analysis of somatic cell nuclear transfer efforts supports the idea that
complete nuclear reprogramming occurs very rarely in cloned sheep embryos. A
large-scale study by the authors’ group indicates that oocytes constructed with
somatic cells proceed through early embryogenesis normally, and they implant at
the same rate (about 70%) as 

 

in vitro

 

 fertilized control embryos. However, many
pregnancies were lost from the second month of gestation onwards, and the final
outcome in terms of development to term was only 13% (Loi et al., submitted).

The relatively high frequency of viable development to term results from skills
in managing the recipient ewes carrying clones, rather than from improved nuclear
reprogramming. Particularly, the authors’ have observed that recipients carrying
clones derived from embryonic cells displayed a number of abnormalities in their
sequential behavior preceding the delivery. Therefore, they chose to stimulate the
delivery by injecting exogenous hormones. Such treatments restored a normal behav-
ioral pattern, before and after parturition, in the recipient ewes, and significantly
improved the offspring outcome [20].

The predelivery behavioral abnormalities were manifest in almost all the foster
mothers; therefore all the recipient ewes were primed with a combination of cortisol
and estradiol 6 days before the expected day of delivery. Although this treatment
partially alleviated the problem, it did not eliminate completely the complications
occurring at term. In the authors’ experience, some 40% of the recipient ewes
developed hydroallantoids and about the same percentage showed a premature age-
ing of the placenta. However, relative to both complications, offspring were delivered
alive, but died at different time points after birth. Macroscopic and histological
examination revealed that the cause of death was likely linked to placental abnor-
malities: namely, hypotrophic trophoblastic epithelium and a severe reduction in its
vascularization.

Such defective extra-embryonic tissue has also been described in cloned sheep
fetuses [21], and early and midterm losses could potentially be attributed to these
abnormalities. It was somewhat surprising to observe the same lesions in clones that
developed until birth as well. In some cases, the extent of the tissue damage was so
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TABLE 9.1
Developmental Abnormalities Associated with Ovine Cloning

 

Donor Cells Culture Delivery
Weight 

(kg) Life Span Clinical Observations Ref.

 

Mammary
epithelial cell

Yes Vaginal 6.6 6 years Pulmonary adenomatosis, 
arthritis

 

a

 

[2]

Granulosa Yes Vaginal 5.2 29 days Eschlerichia infection, 
abnormal heart and kidney

 

b

 

[52]

Granulosa Yes Vaginal 3.8 <1 hour Hydronephrosis, undershot 
jaw

Granulosa Yes Vaginal 4.2 <24 hours Flat sternum, 
hydronephrosis, lung 
abnormalities

Granulosa Yes Vaginal 3.4 <1 hour Hydronephrosis, heart with 
thick walls

Granulosa Yes Caesarian 6.0 >15 months Normal  
Granulosa Yes Caesarian 4.0 <1 hour Flat sternum, narrow palate, 

abnormal bladder
Granulosa Yes Caesarian 8.2 <1 hour Flat sternum, carpal joint 

flexure, cystic kidney
Granulosa Yes Caesarian 5.7 <1 hour Flat sternum, carpal joint 

flexure, cystic kidney
Granulosa Yes Caesarian 7.2 10 days Septic polyarthritis, 

hydronephrosis, elongated 
bladder

Granulosa Yes Caesarian 7.5 <1 day Flat sternum, skeleton 
abnormalities

Granulosa Yes  4.0 <1 day Lung tumor, edema

 

c

 

[53]
Granulosa Yes 8.0 <1 day  Edema 
Granulosa No Vaginal 4.8 <1 day No lung expansion, 

hydronephrosis

 

d

 

[48]

Granulosa No Vaginal 5.3 2 days Hydronephrosis, liver 
degeneration

Granulosa No Caesarian 4.6 4 weeks Septic pneumonitis, 
Granulosa No Caesarian 4.0 7 weeks Dilated renal pelvis, kidney 

and liver degeneration
Gran. cells 
mouflon

No Vaginal 
(induced)

3.3 7 months Aspecific pneumonitis

Normal birth weight range of the breeds used in these experiments:

 

a 

 

Finn dorset; 1.2 to 5 kg

 

b 

 

Not described.

 

c 

 

Not described.

 

d 

 

Sarda; 1.9 to 7 kg.

 

e 

 

Poll dorset; 3 to 9 kg.  
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massive that one could wonder how these pregnancies could have progressed to
term. Although not backed up by any genetic evidence, clinical and histopathological
observations in clones suggest that abnormal gene expression resulting from aberrant
nuclear reprogramming of somatic cells is tolerated by the fetus proper, but has a
dramatic effect on the extra-embryonic membranes. 

 

9.4 EPIGENETIC EFFECT OF CLONING PROCEDURES

 

It remains unknown which mechanisms are causally involved in the phenotypic
abnormalities of cloned fetuses and lambs. Because the developmental abnormalities
manifest well beyond implantation, however, it appears that a delayed effect of the
cloning procedures occurs. Additionally, given the stochastic nature and the diversity
of the phenotypic abnormalities, it seems that multiple genes or large parts of the
genome could be affected — possibly, in particular, in the extra-embryonic tissues.
One of the hypotheses to account for the cloning-associated abnormalities says that
these are caused by aberrant epigenetic alterations that arise during the nuclear
transfer procedure. Such nongenetic changes would be somatically maintained sub-
sequently and lead to aberrant gene expression at later developmental stages.

It has been hypothesized that epigenetic alterations could affect in particular the
expression of imprinted genes — a group of mammalian genes whose expression
depends on whether the gene is inherited from the mother or the father [22–25]. In
the mouse, several studies have been performed to test this hypothesis. Imprinted
genes were indeed found to become aberrantly expressed in embryonic and extra-
embryonic tissues as a consequence of embryo culture and somatic cell nuclear
transfer [23,25–30]. However, imprinted genes are not the only genes that are
deregulated. Recently, a large-scale gene expression study indicated that about 4%

 

FIGURE 9.1

 

Alternative strategies to improve nuclear reprogramming aim at rendering the
somatic-cell chromatin more accessible to “reprogramming” factors present in the oocytes.
Such treatments have a negative effect on cell viability, however. Previously, it has been shown
that donor cells treated to 55 or 75

 

°

 

C can be reprogrammed and can sometimes develop into
viable cloned lambs. The photo shows one of these lambs with its foster mother. 
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of all genes are deregulated in placentae and livers of neonatal cloned mice derived
from ES cells and cumulus cells [27].

It would appear, nevertheless, that imprinted genes are more prone to deregula-
tion than nonimprinted genes [27], possibly because they are epigenetically repressed
on one of the two alleles already. Furthermore, several imprinted genes have been
shown to play key roles in extra-embryonic and fetal development, and their dereg-
ulation therefore has an impact on pre- and postnatal growth and development [31]. 

An important question is whether the aberrant (imprinted) gene expression at
fetal and perinatal stages is due to epigenetic alterations that arise during the cloning
procedure. Most imprinted genes are clustered in the genome, and their parental-
allele specific repression is regulated by so-called “imprinting-control regions”
(ICRs) [31,32]. These ICRs are marked by DNA methylation on one of their two
parental alleles, and any aberrant change in their allelic methylation status leads to
abnormal expression [23,33].

Several mouse studies have investigated the methylation status of ICRs. Aberrant
DNA methylation patterns were detected in cloned mouse conceptuses, but also in
fetuses obtained following 

 

in vitro

 

 embryo culture [23,26–30]. It remains unclear
from these studies precisely when the aberrant methylation arises; whether it is a
consequence of abnormal genome reprogramming following the nuclear transfer; or
whether the changes are caused by other steps of the procedure, including the 

 

in
vitro

 

 cell and embryo culture.
As a first step to explore whether imprinted genes could be responsible, at least

in part, for the cloning-associated phenotypes in sheep, the authors’ and others set
out to determine whether imprinting is evolutionarily conserved in sheep. By care-
fully comparing parthenogenetic (with two maternal genomes; 14) and naturally
fertilized embryos, it was established that the insulin-like growth factor-2 (

 

IGF2

 

)
and IGF2-receptor (

 

IGF2R

 

) genes are imprinted in the sheep [34–36]. Other genes
whose imprinted expression is conserved in sheep include 

 

H19

 

 and 

 

MEST

 

, and the

 

DLK1

 

 and 

 

GTL2

 

 genes [34,37,38], indicating that imprinting is largely conserved
in this ruminant species. Furthermore, the ICRs that control the 

 

IGF2

 

, 

 

IGF2R

 

, and

 

H19

 

 genes are structurally conserved in sheep and, as in mice and humans, they
carry DNA methylation on one of the parental chromosomes exclusively [39,40].

Subsequent studies on cloned lambs from three independent experiments showed
that the ICR controlling imprinting at the 

 

IGF2R

 

 gene had lost its (allelic) DNA
methylation in almost all cloned lambs (Figure 9.2). In contrast, at the ICR that
controls the imprinting of the 

 

IGF2

 

 and 

 

H19 

 

genes, aberrant DNA methylation was
observed in only 1 of a total of 13 cloned lambs analyzed [40]. These studies establish
that, also in sheep, cloning may lead to epigenetic mutations at imprinted genes and
thus affect their expression and developmental phenotype. However, whereas in mice
the ICR regulating the imprinted expression of 

 

H19 

 

and 

 

IGF2

 

 is particularly prone
to epigenetic deregulation, in sheep the imprinting control center at 

 

IGF2R

 

 is affected
most frequently.

It remains to be determined whether the observed loss of imprinting had occurred
already in the donor cells used; whether the nuclear transfer procedure led to
incomplete and aberrant chromatin reprogramming; or whether subsequent embryo
culture had affected imprinted gene regulation. Relative to the latter possibility, it
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is interesting to note that, on its own, culture of preimplantation sheep embryos in
medium containing serum can sometimes lead to loss of 

 

IGF2R

 

 imprinting as well
[39]. Future studies should determine to which extent other imprinted loci are
affected in cloned lambs as well, and whether, as in the mouse, imprinted genes are
particularly prone to epigenetic deregulation by cloning procedures. So far, no
genome-wide expression studies have been reported that address this key question. 

During the developmental differentiation process, the nuclei of somatic cells
acquire a specialized epigenetic organization of the genome, and such epigenetic
configurations ensure that the differentiation status can be somatically maintained.
When differentiated cells are used for nuclear transfer, however, their nucleus needs
to be reprogrammed to obtain totipotency again. Most likely, this process involves
global epigenetic changes, similar to those normally observed in fertilized eggs. In
different mammalian species, for instance, following fertilization DNA methylation
is removed globally from the sperm-derived genome, followed by a passive decrease
in DNA methylation on the maternal genome [41]. These global reductions in DNA
methylation are accompanied by loss of methylation on histone H3 in the nucleo-
somes and have been found to be less efficient and possibly delayed in cloned bovine
embryos [41–43].

To which extent the dramatic postfertilization changes in DNA methylation are
essential for normal embryonic and perinatal development remains to be determined.
It has been noted that the removal of DNA methylation from the sperm genome
happens only in part in cattle and, apparently, not at all in sheep [43]. To ascertain
later stage effects, a recent study on cattle considered the levels of DNA methylation
in fetal tissues [44]. It was found that overall DNA methylation was significantly

 

FIGURE 9.2

 

Deregulation of imprinting at the growth-related

 

 IGF2R

 

 gene in cloned lambs.

 

IGF2R 

 

methylation was analyzed in tongue tissue from naturally fertilized control lambs and
lambs derived by somatic cell nuclear transfer. Genomic DNA was extracted from the tissues,
and was digested with the methylation-sensitive restriction enzyme 

 

Not

 

I. Southern analysis
was then performed using a fragment from the

 

 IGF2R

 

 imprinting-control region as the
hybridization probe. The upper band indicates the methylated maternal allele; the lower band
indicates the digested and unmethylated paternal allele. Note that the upper band is strongly
reduced in intensity in most of the cloned lambs, indicating that cloning gives rise to loss of
the maternal methylation imprint. (For further details, see Young, L. et al., 

 

Mech. Dev

 

., 120,
1433, 2003, from which this figure was adapted.)

control lambs cloned lambs

methylated

non-methylated

IGF2R methylation
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increased in liver dissected from cloned fetuses, and this correlated with abnormal
crown–rump length. Although this finding contrasts with an earlier finding of reduced
DNA methylation in cloned bovine fetuses [45], it emphasizes that cloning proce-
dures may lead to abnormal DNA methylation and could thereby affect genome
integrity and expression, and thus phenotype. 

It is thought that the developmental abnormalities observed in clones are a
consequence of abnormal nuclear reprogramming of the somatic cell nucleus. For
a differentiated cell to be able to direct the development of an enucleated oocyte,
all cellular memory must be erased by the oocyte’s remodeling machinery. The
resulting embryonic-like nucleus must re-establish the normal developmental pattern
of gene expression, leading to the formation of a normal individual.

Several strategies have been suggested to maximize the extent of nuclear repro-
gramming in sheep cloning. These include prolonged chromosome condensation
within unactivated oocytes [46], nuclear quiescence [2], and, more recently, reverse
phase cloning [47]. These suggestions are backed up by serious scientific consider-
ation; nevertheless, although sometimes effective in improving early embryonic
cleavage, they do not change the ultimate fate of the clones because no significant
improvement in terms of healthy offspring production has been published so far.
Many cloning laboratories are starting to envisage that an efficient reprogramming
strategy might be potentially achieved only by more radical remodeling or repro-
gramming strategies, but the risk is that such approaches affect cell viability.

Again, experimental work carried out in sheep has proved that such approaches,
although leading to reduced donor cell viability, can be pursued. It was demonstrated
recently, for instance, that cells heated to 55 or 75

 

°

 

C in order to destabilize DNA–pro-
tein complexes, retain the potential to develop into lambs after nuclear transplanta-
tion [48]. However, in spite of the improved frequency of success during pre- and
postimplantation development resulting from the authors’ and other groups’ [47]
work, the cloned lambs produced are actually still not normal (Table 9.1). 

Cloning by somatic cell nuclear transfer represents a promising research platform
offering opportunities in several fields, including animal breeding; transgenic ani-
mals; safeguarding endangered animal species; and, more recently, producing animal
models for testing efficiency and safety of cell transplantation therapy.

Unfortunately, a robust and repeatable protocol for nuclear reprogramming is
still far away. Further studies are required to determine, at different developmental
stages, how the genome is organized epigenetically. Such studies should be particu-
larly relevant at the genome level because the enzymatic complexes involved in the
postfertilization chromatin reprogramming are presumed to act genome-wide.
Research in this area is particularly welcomed for understanding global epigenetic
modifications during normal early development — against which somatic cell-
derived cloned embryos can be compared.

In parallel, it should be relevant to devise novel strategies that improve the
remodeling of somatic cell nuclei. At the moment, distinct possibilities of alternative
reprogramming strategies exist. One is to treat donor cells with inhibitors of histone
deacetylation [49] in order to enhance global levels of histone acetylation on the
chromosomes. This might render their reprogramming more efficient. Another poten-
tial strategy for ovine cloning would involve prereprogramming of somatic cell
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nuclei [50,51], using more extreme approaches like proteases and/or other chromatin
destabilizing agents. 

Genome-wide, the reprogramming should be as efficient as possible, mimicking
what happens naturally after fertilization; however, the epigenetic organization at
imprinted loci must remain unchanged in order not to disrupt their expression (and
thus phenotype). This presents a challenging contradiction for future cloning
research: how best to achieve global reprogramming of competence without affecting
the epigenetic organization of specific subsets of genes, such as imprinted genes.
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10.1 INTRODUCTION

 

Since 1997, births of cloned animals following nuclear transplantation (NT) with
somatic cells have been reported for several mammalian species (see other chapters
in this book). Two independent protocols have been applied for producing recon-
structed zygotes:

• A single donor cell is fused with an enucleated oocyte and the couplet is
immediately activated (cell fusion method, e.g., in sheep [1] and cattle
[2]).

• The nucleus of the donor cell is microinjected into enucleated oocytes
and the couplet is activated 1 to 6 h later (Honolulu method, e.g., in mouse
[3] and pig [4]).

In contrast, no cloned rat offspring have been reported until recently. Zhou et
al. [5] reported the first successful production of cloned rats using differentiated
fetal fibroblast cells, although their data have not yet been proven to be reproducible.
The purpose of this chapter is to review the literature on the unique characteristics
of rat oocytes and the earlier and latest attempts at cloning rats by somatic cell NT.
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10.2 USEFULNESS OF LABORATORY RATS

 

Rats have been used more extensively than mice in the research fields of neuro-
science, pharmacology, and toxicology [6]. More than 100 rat strains with various
genetic backgrounds exist, including some useful models for human diseases. For
example, the SHR (spontaneously hypertensive rat) strain and the BB (rats sponta-
neously developing insulin-dependent diabetes mellitus) strain are well-established
models for studying cardiovascular diseases and endocrinopathy. Because of the
well-understood mapping of brain functions, rats are often used for physiological
studies on memory and emotion. Furthermore, experimental studies on mammary
tumors require the use of rats in which symptoms of the disease are distinct from
those caused by mouse mammary tumor viruses; the latter cause tumors in the
mammary glands of mice but not those in humans or rats.

In addition, transgenic rats have been used as model animals for human diseases
(e.g., Alzheimer’s disease, autoimmunity, and HDL metabolism) and organ trans-
plantation, and as animal bioreactors for protein production. One advantage of using
rats rather than mice in transgenic studies is the ease of continuous or repeated
sample collection (e.g., of blood or urine) and surgery, due to their larger size; litter
size, gestation length, maturation rate, estrous cycle length, and life span of rats are
very similar to those of mice. Thus, the rat has the advantage of being a reasonably
well-characterized and intermediate-sized rodent that can be maintained much more
cheaply than larger animals and can often be manipulated much more easily than
smaller rodents.

 

10.3 CHARACTERISTICS OF RAT OOCYTES

10.3.1 S

 

PONTANEOUS

 

 A

 

CTIVATION

 

, U

 

NIQUE

 

 

 

TO

 

 T

 

HIS

 

 S

 

PECIES

 

Ovulated rat oocytes have been reported to activate spontaneously during 

 

in vitro

 

culture [7]. Briefly, the activated oocytes extruded the second polar body within 60
to 90 min of culture; however, development became arrested again at the stage
known as metaphase-III without formation of a pronucleus (PN). When reaching
the metaphase-III stage, oocytes exhibited a very low rate of first cleavage following
chemically induced activation. The factors involved in the spontaneous activation
of rat oocytes are the amount of time the oocytes are left in the oviducts before
recovery from the donor rats and the temperature used for oocyte manipulation
following recovery. Reducing the time of oocyte recovery to less than 5 min after
sacrificing the donor rats and handling of oocytes at 37

 

°

 

C reduced the spontaneous
activation of the rat oocytes. 

 

The authors have confirmed and expanded these findings; most of the denuded
oocytes were still arrested in the metaphase-II stage 10 min after sacrificing the
donor rats, but the proportion of oocytes progressing to anaphase-II or telophase-II
increased in a time-dependent manner (Figure 10.1A) [8]. A significant decrease of
the p34

 

cdc2

 

 kinase activity was detected in the cultured rat oocytes; such a decrease
in the cultured mouse oocytes occurred to a lesser extent (Figure 10.1B) [9]. The
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FIGURE 10.1

 

(A) Spontaneous activation of rat oocytes in culture (From Kato, M. et al., 

 

J.
Reprod. Dev.

 

, 47, 407, 2001) and (B) kinetics of p34

 

cdc2

 

 kinase activity of rat and mouse
oocytes (From Ito, J. et al., 

 

Reproduction

 

, 129, 171, 2005.)
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relative difference in the maturation-promoting factor (MPF) baseline level between
the rat and mouse oocytes may be especially important to note.

 

10.3.2 I

 

NDUCED

 

 A

 

CTIVATION

 

Although spermatozoa carry the oocyte activating factors, somatic cell components
are unable to activate oocytes following injection or fusion. Therefore, enucleated
oocytes receiving adult somatic cells during the cloning process need to be activated
artificially for their further development. Puromycin and chloral hydrate [7] and a
Ca

 

2+

 

/Mg

 

2+

 

-free culture condition [10] have been reported to be potent activators that
could trigger PN formation and first cleavage of the spontaneously activated rat
oocytes. Strontium chloride (Sr

 

2+

 

) has been used to activate enucleated rat oocytes
receiving cumulus cell nuclei [8,11], as in mouse cloning [3].

Treatment with ethanol + cycloheximide (CHX) [12], Sr

 

2+

 

 + CHX [13], direct
current pulses (DC) + 6-dimethylaminopurine (6-DMAP) [14,15], and ionomycin +
6-DMAP [16] resulted in the parthenogenetic development into blastocysts of the
rat oocytes. Either activation treatment with Sr

 

2+

 

 or DC + 6-DMAP also supported
the full-term development of the rat oocytes following round spermatid injection
[17]. Thus, electrical or chemical stimuli that had been used to activate other mam-
malian oocytes were applied to rat oocytes with minor modifications.

 

10.4 NUCLEAR TRANSPLANTATION IN THE RAT

10.4.1 C

 

LONED

 

 R

 

AT

 

 P

 

RODUCTION

 

 U

 

SING

 

 E

 

MBRYONIC

 

 C

 

ELLS

 

Research involving cloned rat production using zygotic/embryonic blastomeres
has been very limited, probably due to the narrow applications of the resultant
individuals. There are only two publications of successful NT in rats using nuclei
from zygotic/embryonic cells. In 1988, Kono et al. [18] reported a high survival
rate for reconstructed zygotes following electrofusion of zygotic karyoplasts into
enucleated zygotes (60%, 126/210) and a high first cleavage rate of the NT zygotes

 

in vitro

 

 (73%, 92/126), using Fischer (F334/DuCrj) rats. Nine live rat offspring
were delivered after the transfer of 120 NT zygotes (7.5%). In the same study, the
transfer of embryonic karyoplasts from blastomeres at various stages of develop-
ment (two- to eight-cell embryos) into recipient zygote cytoplasms did not result
in any offspring, suggesting that the developmental match between donor karyo-
plasts and recipient cytoplasms is important for the successful production of
embryo-derived cloned rats. 

 

Roh et al. [19] reported in the abstract form of the 2003 IETS meeting that the
transfer of rat zygotes reconstructed using a two-cell stage embryo as the recipient
cytoplasm resulted in the births of three offspring. Of those, two offspring were
alive with low dense hair around their heads and one died 1 day after birth. The
relationship of these abnormalities with NT is unknown. In this study, the NT zygotes
were produced by the cell fusion method (2 DC pulses at 150 V/mm for 60 

 

µ

 

sec)
using karyoplasts and cytoplasms derived from two-cell stage embryos of
Sprague–Dawley (SD) rats. Enucleated one-cell stage zygotes also supported the
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full-term development following fusion with karyoplasts from one-cell zygotes. The
proportions of NT rat zygotes developing into blastocysts in rat one-cell embryo
culture medium (R1ECM) did not significantly differ between the karyoplast–cyto-
plasm origins (two-cell embryos: 34%, 34/99, and one-cell zygotes: 45%, 18/40). 

 

10.4.2 S

 

INGLE

 

 NT A

 

TTEMPTS

 

 

 

WITH

 

 S

 

OMATIC

 

 C

 

ELLS

 

At least four independent groups have tried to produce cloned rats using the single
NT procedure (Table 10.1):

• Kato et al. [8] attempted cloning rats according to the Honolulu method.
The nuclei of cumulus cells were injected into enucleated SD rat oocytes
using piezo-driven micropipettes; the reconstructed oocytes were then
activated with 1.25 m

 

M

 

 Sr

 

2+

 

 for 6 h. One implantation site but no live
offspring at 21 days postcoitum (dpc) was observed in the nine surrogate
mothers receiving a total of 224 presumptive cloned zygotes (including
50 cleaved embryos).

• Iannaccone et al. 

 

[11] reported that none of the 35 zygotes produced by
the Honolulu method (rat strain for oocytes: SD; donor cell type” genet-
ically modified fibroblasts; activation method: 2.5 m

 

M

 

 Sr

 

2+

 

 for 1.5 to 2
h) developed to live offspring; of 86 zygotes, 21 exhibited signs of implan-
tation at 13.5 dpc.

 

•

 

Jiang et al. [14] obtained a total of 25 cleaved embryos from 178 zygotes
reconstructed by injecting nuclei of ACI cell line cells or Wistar cumulus
cells into enucleated Wistar oocytes and by activating with 2 DC (100
V/mm, 99 

 

µ

 

sec) + 2 m

 

M

 

 6-DMAP for 2 to 4 h. These embryos did not
progress to the later developmental stage in R1ECM.

 

•

 

Hayes et al. [12] have conducted a series of large-scale experiments for
cloning rats. As the best group, oocytes recovered from 4-week-old SD
rats 12 h after human chorionic gonadotropin (hCG) injection were enu-
cleated and cumulus cell nuclei were injected. After 30 to 60 min, the

 

TABLE 10.1
Numerous Efforts to Produce Cloned Rats by Somatic Cell Nuclear 
Transplantation

 

No. of Oocytes 

Treated Reconstructed Transferred Live Born Ref.

 

282 235 (83%) 224 0 (0%) 8
Not determined from 
the paper

35 0 (0%) 11

2766 653 (24%) 269 0 (0%) 12
429 178 (42%) No development 

beyond two-cell stage
14

2042 478 (23%) 456 0 (0%) 23
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reconstructed zygotes were activated with 8% ethanol for 5 min + 35 

 

µ

 

M

 

CHX for 4 h. A total of 653 reconstructed zygotes survived enucleation,
nuclear injection, and chemical activation out of subjected 2766 oocytes.
The transfer of 269 zygotes, including 36 cleaved embryos, resulted in
no live offspring. In a separate experiment, 492 oocytes were first acti-
vated and injected with cumulus cell nuclei and then enucleated. A total
of 112 reconstructed zygotes, including 35 cleaved embryos, was pro-
duced, but transfer to surrogate mothers was not performed. 

 

10.4.3 S

 

ERIAL

 

 NT A

 

TTEMPTS

 

 

 

WITH

 

 S

 

OMATIC

 

 C

 

ELLS

 

The keys to the successful production of cloned mice by the Honolulu method have
been considered by the authors [3]; these include promoting the premature chromo-
some condensation (PCC) (Figure 10.2) and the chromosome formation of injected
nuclei and the subsequent PN-like vesicle formation, as well as directly exposing
injected nuclei to reprogramming factors present in the cytoplasm of the recipient
oocytes. Therefore, the failure of NT rat embryos to develop into full-term offspring
in the earlier studies may be due to microinjecting cell nuclei into oocytes that have
already been spontaneously activated. The PCC would not occur even if oocytes
with decreased MPF activity were enucleated and received somatic cell nuclei.

From this point of view, some possible factors influencing the PCC of cumulus
cell nuclei injected into rat oocytes were examined (Table 10.2) [20]. The injected
cumulus cell nucleus was distinguished from the oocyte nucleus by the position of
the opening in the zona pellucida at the nuclear microinjection site. The potential
of rat oocytes to support the PCC of injected nuclei depends on the characteristics
of the oocytes, such as age or strain of the donor rats, as well as timing of the oocyte
recovery. Based on these experiments, oocytes recovered 14 h after hCG injection

 

FIGURE 10.2

 

Morphological change in rat somatic cell nuclei injected into enucleated (A)
mouse (PCC positive) and (B) rat (PCC negative) oocytes.

A B
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from young 4- to 5-week-old Wistar or Lewis (LEW/Crj) strain rats need to be used
for nuclear injection as soon as possible.

The treatment of oocytes with a neutral cysteine protease inhibitor, 

 

N

 

-aceth-
ylleucylleucylnorleucinal (ALLN), to maintain the meiotic arrest may be beneficial.
However, the PCC did not occur when the cell nuclei were injected into enucleated
rat oocytes. This phenomenon in the rat is in contrast to that in the mouse, in which
more than 90% of the oocytes supported the PCC of injected nuclei regardless of
the presence or absence of the recipient metaphase plate.

Kwon and Kono [21] first reported the serial NT procedure in the mouse. In
their procedure, donor nuclei were first transferred into enucleated unfertilized
oocytes and a PN-like vesicle was allowed to form. In the second transfer, karyoplasts
containing the PN-like vesicle were transferred into a cytoplast derived from pro-
nuclear-stage zygotes. It is suggested that the donor nuclei are allowed time for
reprogramming during the first NT, and that the cytoplasm of the pronuclear zygotes
supports further development of the second NT embryos. After the serial NT of the
metaphase-arrested fetal fibroblast nuclei, the production of stillborn fetuses with
severe abnormalities was reduced [22].

 

The authors have attempted to produce cloned rats by combining the serial NT
procedure with PCC induction in somatic cell nuclei [23]. In the first series, the
nuclei of cumulus cells (

 

n

 

 = 494) or Sertoli cells (

 

n

 

 = 574) from F1 hybrid (SD x
Dark–Agouti) rats were injected into enucleated BDF1 mouse oocytes. The het-
erozygous NT oocytes were kept for 1 h and then activated with 10 m

 

M

 

 Sr

 

2+ 

 

for 6
h. From these reconstructed zygotes, karyoplasts containing PN-like vesicles were
transferred into Wistar zygote-derived cytoplasts by a DC pulse (20 V/mm, 20 

 

µ

 

sec).
The transfer of a total of 340 serial NT zygotes into surrogate mothers, including
206 cleaved embryos, resulted in only seven implantation sites.

In the second series, the nuclei of rat cumulus cells (

 

n

 

 = 576) or Sertoli cells (

 

n

 

= 398) were injected into 20 

 

µ

 

g/ml ALLN-treated intact rat oocytes; the recipient
metaphase plate was then aspirated under UV light from the NT oocytes in which

 

TABLE 10.2
Factors Affecting Chromosome Condensation of Donor Cell Nuclei in Rat 
Oocytes

 

a

 

Factors Outcomes with % of PCC-Positive Oocytes 

 

Donor rat strains Wistar (46%) vs. LEW (41%) vs. F344 (25%) vs. Donryu (17%)
Age of oocyte donors 4–5 weeks old (49%) vs. >10 weeks old (11%)
Timing of oocyte recovery 14 h post-hCG (44%) vs. 17 h post-hCG (7%)
Time until completing injection 15–45 min (43%) vs. 45–120 min (18%)
Inhibition of cyclin degradation ALLN presence (48%) vs. ALLN absence (37%)
Enucleation (in case of rats) Intact oocytes (44%) vs. enucleated oocytes (0%)
Enucleation (in case of mice) Intact oocytes (97%) vs. enucleated oocytes (93%)

 

a 

 

Modified from Ito, J. et al., 

 

Reproduction

 

, Nagasaki, 129, 171, 2005; Hirabayashi, M. et al., 

 

J. Reprod.
Dev.

 

, 49, 121,

 

 

 

2003; and Hirabayashi, M. et al., 

 

Cloning Stem Cells

 

, 5, 35, 2003.
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the PCC of the injected nuclei was observed. After activation of the NT oocytes
with 1.25 m

 

M

 

 Sr

 

2+ 

 

for 6 h, the karyoplasts were fused with zygote-derived cytoplasts.
The transfer of a total of 115 serial NT zygotes, including 37 cleaved embryos,
resulted in four implantation sites but no live offspring.

 

10.4.4 S

 

UCCESSFUL

 

 P

 

RODUCTION

 

 

 

OF

 

 R

 

ATS

 

 C

 

LONED
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 F

 

ETAL

 

 
F

 

IBROBLASTS

 

Very recently, Zhou et al. [5] published a paper entitled “

 

Generation of Fertile Cloned
Rats by Regulating Oocyte Activation

 

” in the journal 

 

Science

 

. Based on the online
early release (published on September 25, 2003), the successful protocol can be
summarized as shown in Figure 10.3. Oocytes were recovered from 3- to 4-week-
old OFA-SD rats 14 h after hCG injection in M2 medium containing 5 

 

µ

 

M

 

 MG132,
a protease inhibitor that blocks the first meiotic metaphase-anaphase transition. Most
oocytes treated with the MG132 reversibly stabilized their metaphase-II plates up
to 3 h. Primary rat embryonic fibroblasts isolated from CD-SD 12.5 dpc fetuses
were used as donor cells after 1 to 3 passages. Prior to the NT, the fibroblasts were
treated with 0.05 

 

µ

 

g/ml demecolcin for 2 h to synchronize the mitosis.
Within 30 min of MG132 removal, a fibroblast cell nucleus was injected into

the oocytes on the opposite side of the recipient metaphase location. Before the
injection pipette was completely withdrawn from the oocyte, the recipient metaphase
plate was aspirated into the same pipette. This protocol made it possible to replace
donor karyoplasts with oocyte chromosomes in one step. The NT oocytes were
activated with 150 

 

µ

 

M

 

 butyrolactone-I, a p34

 

cdc2

 

 specific kinase inhibitor, for 2 h.
Embryos cleaved in R1ECM were transferred to OFA-SD 0.5 dpc pseudopregnant
females. 

 

A total of 876 reconstructed zygotes were transferred to 12 surrogate mothers,
resulting in 16 fetuses at 12.5 to 14.5 dpc. Thirteen of the fetuses were viable, with
heart beating. In the next series, of 129 zygotes that were allowed to go to term in
two surrogate mothers, three (2.3%) live male offspring were delivered. One pup
died a few hours after birth, but his two brothers survived to sexual maturity and
produced progeny. In the last series, two female cloned rats resulted from the transfer
of c.a. 100 zygotes to one surrogate mother. They also produced progeny. Thus, the
authors demonstrated that the single successive manipulation of injection and enu-
cleation combined with MG132/butyrolactone-I treatment was effective for the pro-
duction of fertile cloned rats of both sexes.

 

10.5 FUTURE PERSPECTIVE OF RAT CLONING

 

It is undoubtedly true that cloned rat individuals are beneficial experimental materials
for fundamental and clinical studies in the medical field. What is the most useful
application of cloning technology in this species? The answer would be to contribute
in the production of “knock-out (KO)” animals by combining with homologous
recombination-based gene targeting technology in cultured cells. Because the rat is
used, especially in the research field of neuroscience, developments in the method-
ology to produce KO rats have been long desired.
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The most convenient method for the production of KO animals is to use gene-
targeted embryonic stem (ES) cells in germline chimera production; however, ES
cell lines have not yet been established in the rat. The male germline stem cell line,
capable of culturing and differentiating 

 

in vitro

 

, is an alternative source to produce
KO animals (via microinsemination), but such studies have been limited in the mouse
[24–26]. Therefore, reproducibility of Zhou and colleagues’ NT protocol to clone
rats would have a strong impact on the future progress of medical research and
laboratory animal science. Understanding the fundamental aspects of cell cycle
regulation during genome reprogramming in rat oocytes must be useful for improv-
ing the protocol for the production of somatic cell-derived cloned rats.

 

FIGURE 10.3

 

A successful protocol to produce cloned rats. (Reported by Zhou, Q. et al.,

 

Science

 

, 302, 1179, 2003.) 
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