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cleavage in slightly more than half of the domestic cat oo-
cytes (25/46= 54.3%), while the percentage of cleaved oo-
cytes in the absence of calcium was much lower (4/26=
16.6%; P < 0.05). Although the presence of calcium in the
fusion medium induced activation of domestic cat oocytes,
the fusion rate, cleavage rate, and blastocyst development
of AWC-DSH-cloned embryos were not affected by the
presence of calcium in the fusion medium (Table 5).

Experiment 5

Embryo transfer of AWC-DSH-cloned embryos into do-
mestic cat recipients. Derived AWC-DSH-cloned embryos
were transferred into 11 domestic cat recipients. Fifty-three
morulae (Day 6) were transferred to three of the recipients
on Day 6 after oocyte recovery (mean = 17.6), and 57
blastocysts (Days 7 and 8), and 66 morulae (Day 7) were
transferred to eight of the recipients on Day 7 after oocyte
recovery (mean = 17.5 embryos). No pregnancies were
detected after abdominal ultrasonography on Days 21-23
after oocyte recovery.

In the present study, we compared the ability of somatic
cell nuclel of the African wild cat and the domestic cat to
dedifferentiate in domestic cat cytoplasts and to support
early development after reconstruction. Specifically, we ex-
amined the effect of type of oocyte maturation (in vivo vs.
in vitro), different methods (mechanical and enzymatic) for
donor cell isolation, and cell synchronization treatments
(serum starvation, contact inhibition, and roscovitine) on
the distribution of cells in the various phases of the cell
cycle and the effect of calcium in the cell fusion medium
on embryo reconstruction after NT.

The cell dislodging process can affect cell viability and
DNA integrity. Both mechanical and enzymatic disaggre-
gation have been used to dislodge cells cultured in vitro.
Mechanical separation re-suspends cells more quickly than
enzymatic digestion but may cause mechanica damage
[33]. Enzymatic disaggregation using trypsin is the most
widely used enzyme for tissue disaggregation, but can in-
duce DNA damage [33], and is less effective at disaggre-
gating fibroblastic cell lines than is pronase [34]. Similar

TABLE 3. Effect of donor nucleus, cell synchronization, and oocyte maturation of the recipient cytoplast on in vitro development of DSH-DSH and

AWC-DSH cloned embryos.?

Donor Oocyte Donor nucleus Fused
nucleus maturation treatment NT couplets Cleavage Premorulae Morulae Blastocysts
AWC In vivo Serum-starved 143 89 = 2 89 =3 85 £ 8 38 + 6 28 * 32
Contact inhibition 52 89 + 10 82 +9 69 +9 35 + 7 17 + 62
Roscovitine 55 81 =8 80 =9 62 * 22 47 + 172 33 £ 142
In vitro Serum-starved 78 79 £ 8 79 + 9 75 + 19 46 + 13 21 + 9a
Contact inhibition 77 80 = 4 87 =7 78 = 4 42 + 3ab 28 + 42
Roscovitine 79 97 + 2 88 + 6 83 +9 51 £ 92 20 * 42
DSH In vivo Serum-starved 35 88 + 2 83 +9 40 + 4 4 +2b 3 +5b
Contact inhibition 48 67 + 2 86 + 8 69 = 19 10 + 5ab 2+ 1b
Roscovitine 56 96 + 3 84 + 8 76 = 12 11 = 2@ 4 +3b
In vitro Serum-starved 60 78 = 10 79 +7 44 + 3 8 = 5b 0=+ o0b
Contact inhibition 104 70 = 5 74+ 5 39 + 12 9 = 3b 3 +2b
Roscovitine 49 86 + 7 67 + 17 93 + 6 22 + 13ab 3 +3b

2 The total number of NT couplets in each treatment was derived from at least three replications. Results are expressed as mean % * SEM. Development
rate of embryos at different stages, number of embryos/number of fused couplets.
ab Different superscripts within the same column indicate significant differences (P < 0.05). DSH, Domestic cat; AWC, African wild cat.
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TABLE 4. Numbers of cells in blastocysts and in inner cell mass (ICM) and trophodectoderm (TPD) cells of African wild cat cloned embryos.?

Oocyte Ratio

maturation Cell synchronization n Cell/blastocyst n ICM (%) TPD (%) ICM (#) ICM: TPD

In vivo Serum-starved 6 105 = 24 2 25 = 14 107 = 43 19 1:4.2
Contact inhibition 7 99 + 18 5 23 £5 55 7 30 1:2.3
Roscovitine 4 155 = 35 4 54 = 21 100 = 14 35 1:1.8
Parthenotes 14 65 =9 7 24 +5 52 8 32 1:2.1

In vitro Serum-starved 2 218 £ 163 1 12+0 43 £ 0 22 1:3.5
Contact inhibition 4 128 = 28 1 24 £ 0 49 £ 0 33 1:2.0
Roscovitine 9 175 = 34 4 34 £ 12 101 = 28 25 1:2.9
Parthenotes 11 129 = 28 8 33 £7 113 £ 31 22 1:3.4

3N = total of blastocysts stained to determine the cell numbers. Results are expressed as mean % * SEM.

results were found in our experiments, where mechanical
separation yielded higher percentages of cell damage com-
pared with enzymatic disaggregation. Also, flow cytometry
analysis revealed that cells dissociated with pronase had
less DNA damage. These results indicate that pronase is a
reliable treatment to disaggregate fibroblastic cells before
their use for NT. It is not clear how enzymatic disaggre-
gation could affect the cell cycle of the somatic cells, but
our results demonstrated that the nuclei of AWC and DSH
cells dislodged with pronase had a higher percentage of
cellsin the Gy/G, phase than did those treated with trypsin
or mechanically separated. Girard and Fernandes [35] re-
ported that dislodging cells with proteases, such as trypsin
and pronase, can moderately stimulate spontaneous deox-
ynucleic acid synthesis of lymphocyte cells and that the
amount of stimulation was increased when the cells were
exposed to proteases for periods longer than 1 min. Ac-
cordingly, we suggest that the exposure time used (2-3
min) to dislodge the cells in our experiments allowed the
enzymes to permeabilize the membranes and, in fact, af-
fected the cell-cycle phase. The possible mechanisms of
action of these enzymes should be investigated.

Flow cytometry analysis revealed that AWC and DSH
fibroblasts can be synchronized in the Gy/G; phase by using
different cell-cycle inhibitor treatments. However, the AWC
cells were synchronized in lower proportions than DSH
cells (P < 0.05). One factor contributing to the difference
may have been that AWC cells had a lower percentage of
Gy/G; cells before exposure to the different synchronization
treatments, and also there may be differences between the
species in the way they react to each cell-synchronization
treatment.

In both species, serum-starvation treatment elicited a
higher percentage of cells in Gy/G,, but induced higher
rates of DNA fragmentation (data not shown). Similar stud-
ies have demonstrated that serum starvation significantly
increases the proportion of cells at the Gy/G, phase [21, 23,

TABLE 5. Development of African wild cat-domestic cat (AWC-DSH) nu-
clear transfer couplets after 2 and 7 days of culture when AWC cells were
fused in the presence or absence of calcium.*

Oocyte

matura- Fused  Cleavage Blastocysts?

tion Fusion treatment NT2 coup[ets (D2) (D7)

In vivo Calcium present 85 893 92+1 25+%3
Calcium absent 82 9+x1 937 16=*2

In vitro Calcium present 86 848 905 28=x7
Calcium absent 51 100+0 778 22*8

* Results are expressed as mean % * SEM.

2 The total number of NT couplets in each treatment was derived from
three replications.

b Blastocysts = number of blastocysts/number of fused couplets.

36], but prolonged culture in serum-deprived medium in-
duced massive DNA fragmentation [22]. Effective arrest of
pig fibroblast cells in the Gy/G; phase of the cell cycle
using roscovitine has been demonstrated with higher per-
centages of Gy/G; phase cells (82.4%) compared with se-
rum starvation (75.0%) [24]. In contrast, our results have
shown that roscovitine and contact inhibition yielded lower
percentages of cells synchronized in the Gy/G, phase of
either AWC (56% and 61%) or DSH cells (84% and 88%,
respectively) compared with serum-starved treatment of
AWC (83%) or DSH cells (96%). Also, a dlightly higher
percentage of cybrids cleaved when cells synchronized by
serum starvation (83.0%) were used as the donor nucleus
compared with roscovitine (80.0%) or contact inhibition
(80.0%). Therefore, the serum-starvation treatment is our
current method of choice for synchronizing African wild
cat or domestic cat somatic cells prior to NT. Further ex-
periments will examine whether the addition of apoptosis
inhibitors, such as proteases or antioxidants, as described
by Lee and Piedrahita [37] can reduce DNA fragmentation
after serum starvation without changing the proportion of
Gy/G; célls.

The NT experiments showed that AWC fibroblasts can
dedifferentiate in enucleated domestic cat oocytes at higher
rates than DSH fibroblasts. Surprisingly, 43.8% and 24.2%
of the AWC-DSH-cloned embryos reached the morula and
blastocyst stage compared with 13.9% and 3.3% of DSH-
DSH-cloned embryos, respectively. One of the possible rea-
sons for the contrasting results in embryo devel opment may
be because each cell line was derived from individuals of
different gender.

Few studies have compared the cloning competence of
male and female somatic donors. In this study, we used a
somatic cell line of AWC fibroblasts that were derived from
a 2-yr-old male and a somatic cell line of DSH fibroblasts
derived from a 2-yr-old female. Heyman et al. [38] com-
pared percentages of blastocyst formation and full-term de-
velopment between different donor animals, after using fi-
broblasts derived from skin biopsies of different adult bulls
and cows. No differences were found when comparisons
were made between the two genders. Instead, devel opment
and competence of the cloned embryos were affected by
the genotype of the donor cells and the cell culture condi-
tions. Similar observations were mentioned by Oback and
Wells (Wells, unpublished results) [39], where no signifi-
cant differences in embryo development were observed us-
ing donor cells derived from full-sib brother-sister cattle,
athough they mentioned that male clones tended to devel-
oped better. In our case, we did not use fibroblasts derived
from female AWC and male DSH cats; therefore, we cannot
conclude if the differencesin embryo development between
the species were affected by differences in gender. In the
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present study, because the type of recipient cytoplasts, the
cell synchronization, and the nuclear transfer method were
essentially identical, the observed differences in develop-
ment may be considered to be due in part to the origin of
the donor nucleus. Underscoring this statement is that no
conclusive reports have yet been published indicating that
male somatic cells are influencing better embryo develop-
ment after NT.

Significant effects have been reported on source of re-
cipient cytoplast used for NT with lower rates of blastocyst
production and fetal survival from in vitro-matured cyto-
plasts compared with in vivo-matured cytoplasts [40]. In-
stead, in our NT experiments, the fusion efficiency, embryo
cleavage, blastocyst development, and total cell number in
NT blastocysts were not affected by the source of oocytes
used as recipient cytoplasts. We had previously demonstrat-
ed in our laboratory a reduction in cleavage frequency and
in vitro development of cat oocytes matured in vitro and
fertilized by intracytoplasmic sperm injection compared
with that of in vivo-matured oocytes [21]. However, mod-
ification of the IVM medium by the addition of epidermal
growth factor has improved both the number and quality of
embryos produced [28, 41]. We can suggest that, although
the IVM system is not fully optimized, improvements made
in recent years to our IVM medium have improved the
quality of in vitro-matured cytoplasts, making them com-
parable with in vivo-matured cytoplasts in terms of embryo
development. The influence of source of recipient cyto-
plasts needs consideration with regard to pregnancy rate
and embryo survival following the transfer of NT-derived
embryos.

Direct comparisons of NT success between laboratories
are not possible because of variations in the type of cells,
embryo culture system, and NT procedures. The rates of
blastocyst development of domestic cat embryos recon-
structed with cumulus cells (2.6%), granulose cells (3.0%),
and domestic cat fetal fibroblasts (5.2%) [42, 43] were sim-
ilar to the present results using DSH somatic cells (3.3%).
A possible explanation for the early developmental failure
of most of our reconstructed embryos may be inadequate
or incomplete reprogramming of donor nuclei.

Kim et a. [44] suggest that failure of activated oocytes
before NT to remodel somatic nuclei is caused by the ab-
sence of cytoplasmic factors, such as maturation promoting
factor (MPF), that are needed to induce nuclear envelope
breakdown (NEBD). Because the electrical pulse necessary
to induce fusion of the donor cell to the recipient cytoplast
during NT can induce concurrent oocyte activation and a
transient decrease of the maturation promoting factor activ-
ity, chromatin remodeling may be affected. In fact, pig cy-
brids that were fused in medium containing 0.1 mM of
calcium and not receiving further chemical activation stim-
ulus were activated and cleaved at higher rates (69%) than
their counterparts fused under calcium-free conditions
(10%) [45]. Similarly, in our study, a higher percentage of
oocytes cleaved after receiving electrical pulsesin the pres-
ence of calcium (54.3%) compared with those electrically
pulsed in the absence of calcium (16.6%). These results
indicate that domestic cat oocytes are susceptible to acti-
vation during electrical fusion in the presence of calcium.
However, the fusion of AWC-DSH couplets in the presence
or absence of calcium did not affect the fusion rates nor
embryo development to the blastocyst stage. Severa stud-
ies have shown that the level of active MPF declines sig-
nificantly in oocytes within 2 h after electrical activation
and remains depleted for at least 8-10 h, directly affecting
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chromatin remodeling [46, 47]. We did not measure levels
of histone H1 kinase activity to determine the level of ac-
tive MPF, but the proportions of couplets undergoing chro-
matin remodeling after fusion in medium containing cal-
cium is similar to those couplets fused in the absence of
calcium. Therefore, we suggest that the levels of MPF after
fusion in the presence of calcium do not decline drastically
within the next 2-3 h, which was the delayed activation
interval we used before activating the reconstructed cou-
plets. Because we do not know the extent to which the
calcium concentration (0.05 mM) in the fusion medium is
affecting the level of MPF activity during fusion, further
studies should be done to investigate the level of histone
H1 kinase activity.

In our NT experiments, we used oocytes of similar type
and source that were at the same meiotic stage (M-I1, non-
activated) when reconstructed. Only 18.0% of the AWC-
DSH presumptive embryos were fragmented and were un-
able to remodel the chromatin compared with 40.0% of
DSH-DSH presumptive embryos. From these results, it ap-
pears that chromatin remodeling failure may be partialy
due to the recipient cytoplast, but there are likely other
factors involved as well. Such unknown factors may have
contributed to the lower rate of chromatin remodeling in
the DSH somatic cell line relative to the remodeling rate
in the AWC somatic cell line. Differences in the epigenetic
status of the DSH somatic nuclei may be a cause of the
low rate of chromatin remodeling after NT [48]. A better
understanding of the molecular basis for epigenetic varia-
tion within the donor cells will help to understand its influ-
ence during cell reprogramming.

During the initial stages of development, embryos are
under the control of maternally derived proteins and tran-
scripts accumulated in the oocyte. The timing of the tran-
sition from maternal to embryonic control of development
(MET) and the beginning of the transcription period is spe-
cies specific [49]. For example, in the mouse, embryonic
genome activation and transcription begin at the 1-cell
stage [50], whereas in domestic cats, the transition from
maternal to embryonic control of development and embry-
onic transition occurs by the 5-8-cell stage [51]. Therefore,
the possibility of a relationship between the high rate of
development failure of both DSH-DSH (40.0%) and AWC-
DSH (37.5%) NT embryos at the 8-10-cell stage and the
transition from maternal to embryonic control of develop-
ment cannot be overlooked. In spite of a similar rate of
early development failure in embryos reconstructed from
each of the two somatic cell lines, the embryos derived
from AWC somatic cells developed in vitro to the blasto-
cyst stage (24.2%) at rates comparable with domestic cat
embryos produced by parthenogenetic activation of in vivo-
(23.3%) and in vitro-matured (27.4%) oocytes or by intro-
cytoplasmic sperm injection (ICSl) from in vivo- (29.5%)
and in vitro-matured (19.0%) oocytes [29].

Although the AWC-DSH-cloned embryos developed to
the blastocyst stage in vitro, we were not able to produce
a pregnancy after embryo transfer. Interspecies and subspe-
cies embryo transfer of nondomestic cat embryos into do-
mestic cat recipients has resulted in the birth of Indian de-
sert cat [52] and African wild cat kittens [53] and an early
pregnancy of interspecies panda-rabbit cloned embryos [6],
demonstrating that the domestic cat is not only a model for
development of in vitro assisted reproductive technologies,
but it can also serve as a successful recipient of embryos
from closely related small non-domestic cats. Therefore, we
do not think that species incompatibility contributed to the
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developmental failure of the AWC-DSH embryos trans-
ferred into the domestic cat. More likely, an incomplete
reprogramming of the differentiated nucleus was a mgjor
constraint to the in vivo developmental potential of these
embryos [54]. Also, the influence of possible mitochondrial
heteroplasmy and/or the del eterious effect of mtDNA of the
derived AWC cloned embryos on preimplantation devel-
opment should not be discounted. Nagao et al. [55] have
demonstrated that mouse embryos derived from nuclear
transfer of interspecific species (M. musculus and M. spre-
tus) had reduced development in vitro and decreased phys-
ical performances after birth. Conversely, the birth of nor-
mal Bos indicus calves derived from nuclear transfer of Bos
indicus donor cells into Bos taurus oocyte recipients dem-
onstrated that cross-subspecies nuclear transfer is a viable
approach to rescue closely related endangered species [14,
15]. Meirelles et al. [14] demonstrated that donor cell-de-
rived mtDNA (Bos indicus) was reduced during early em-
bryo development and completely eliminated by the end of
the gestation. However, Steinborn et al. [15] found coex-
isting mtDNAs of both subspecies (heteroplasmy) in
healthy cloned Bos indicus calves. Both studies indicated
that the presence of mtDNA derived from the recipient oo-
cyte or mtDNAs derived from both recipient oocyte and
donor-cell (heteroplasmy) does not inhibit normal devel-
opment. Although in our study we did not evaluate the
mitochondrial inheritance of the derived AWC cloned em-
bryos, we suggest that it should be possible to establish a
pregnancy with cross-speciess (DSH and AWC) derived
cloned embryos after transfer to surrogate domestic cats.
Indeed, further research is needed to evaluate the precise
mitochondrial inheritance pattern of AWC-cloned embryos
derived by cross-subspecies nuclear transfer and its influ-
ence on embryo implantation and survival rate.

In conclusion, the results of the current study indicate
that (1) African wild cat and domestic cat cells can be syn-
chronized in the Gy/G; phase by different methods, (2) a
distinct difference in in vitro developmental competence of
NT embryos produced from each of the two cat fibroblast
cell lines, and (3) incomplete reprogramming of the differ-
entiated nucleus may be a major constraint to the in vivo
developmental potential of these embryos.
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