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ABSTRACT

With the ultimate goal of establishing experimental protocols
necessary for cloning ferrets, the present study has established
parameters for the reconstruction of ferret embryos by nuclear
transfer (NT) using GO/G1-phase donor fetal fibroblasts. Cu-
mulus-oocyte complexes were harvested from superovulated fer-
rets and cultured in maturation medium for 24 h. Matured oo-
cytes were then enucleated and injected with the fibroblast nu-
clei derived from 14-16-h serum-starved cells. Reconstructed
embryos were then activated by a combination of electric pulses
and chemical stimulations. Subsequently, the reconstructed and
activated embryos were either cultured in vitro or transferred
to pseudopregnant ferrets to evaluate their developmental ca-
pacity in vitro and in vivo. Our results demonstrated that 56.3 %
of reconstructed embryos (n = 187) cleaved, while 26.0% and
17.6% developed to morula and blastocyst phases in vitro, re-
spectively. The blastocysts derived from NT embryos demonstrat-
ed normal morphology by differentially staining as compared to
normal blastocysts developed in vivo following fertilization. In
vivo developmental studies at 21 days posttransplantation dem-
onstrated 8.8% of reconstructed embryos (n = 91) implanted
into the uterine lining of recipients, while 3.3% formed fetuses.
However, reconstructed embryos (n = 387) failed to develop to
term (42 days). These results demonstrate donor nuclei of G0/
G1-phase fetal fibroblast cells can be reprogrammed to support
the development of reconstructed ferret embryos in vitro and in
vivo; however, a significant third-trimester block occurs pre-
venting full-term development.
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INTRODUCTION

The domestic ferret, Mustela putorius furos, has been
considered one of the best animal models for studying lung
diseases such as cystic fibrosis (CF). In an effort to ratio-
nally develop ferret models of CF a better understanding
of embryology and nuclear transfer cloning techniques will
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set the stage for genetic manipulation in this species. CF is
a recessively inherited genetic disease caused by a defect
in an epithelial chloride channel caled the cystic fibrosis
transmembrane conductance regulator (CFTR) [1]. CF pa-
tients suffer from recurrent bacterial infection in the lung
leading to bronchiectasis, compromised lung function, and
ultimately death. Substantial efforts have been made to gen-
erate mouse models capable of reproducing the lung pa-
thology seen in CF patients. However, due to differences
in lung biology between mice and humans, CFTR-deficient
and mutant mice do not develop spontaneous lung disease
as seen in humans [2, 3]. This lack of appropriate animal
models of CF lung disease has hindered progress in the
development and testing of therapies for this disease.

Several aspects of ferret lung biology make this species
a potentially attractive model for CF lung disease. Firgt, in
contrast to mice, the ferret has marked similarities to hu-
mans in lung physiology, airway morphology, and cell
types [4-9]. Second, the expression of CFTR in the ferret
airway epithelium and submucosal glands is also identical
to that in humans [10, 11]. Third, amino acid identity be-
tween ferret and human nucleotide binding domain 1
(NBD1) of CFTR is a striking 97% [10], which is just as
high as nonhuman primates (96%, Macaca nemestrina) and
significantly greater than rodents (80%, rat and mouse). Fi-
nally, the domestic ferret has proven useful for the study
of human infectious lung disease due to the similarity be-
tween ferret and human lung biology [12-19].

Of small animal species, the ferret, with a gestation pe-
riod of 42 days and 6 mo to sexual maturity, has obvious
advantages over larger species, such as sheep and nonhu-
man primates, for animal modeling. Recent successes in
creating cloned animals by somatic cell nuclear transfer
[20—26] have made animal modeling in less studied species,
such as the ferret, more feasible. To this end, we have pre-
viously reported conditions for superovulation in ferrets and
in vitro culture of ferret embryos [27]. Subsequently, we
established the optimal conditions for in vitro maturation
and artificial activation of ferret oocytes [28]. These pro-
tocols have paved the way for genetic manipulation of fer-
ret oocytes and embryos using genetically altered somatic
cells and nuclear transfer technologies. However, proce-
dures for reconstruction of ferret embryos using somatic
cell nuclear donors have not been previously reported. In
this study, we describe procedures for nuclear transfer of
GO0/G1-phase ferret fetal fibroblasts into enucleated oocytes
and the subsequent development of reconstructed embryos
in vitro and in vivo.
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MATERIALS AND METHODS

Reagents and Animals

All chemicals used in this study were purchased from Sigma Chemical
(St. Louis, MO) and Invitrogen (Grand Island, NY) unless otherwise not-
ed. Ferrets (6-18 mo of age) with sable-, cinnamon-, and albino-colored
coats were purchased from Marshall Farms (North Rose, NY). Female
ferrets were in estrous when delivered. The vasectomized maleferretswere
aso purchased from Marshall Farms and were used to induce pseudo-
pregnancy in females. Vasectomized males were confirmed as sterile by
mating at least five times to Jills and by the lack of sperm in gjaculates.
All ferrets were housed in separate cages under controlled temperature
(20-22°C) and long daylight cycle (16L:8D).

Preparation of Nuclear Recipient Oocytes

The nuclear recipient oocytes used in this study were in vitro-matured
ferret oocytes obtained from ovaries of superovulated sable ferrets. Su-
perovulation of ferrets was performed by an i.p. injection of 100 1U/kg of
eCG (Sigma, G-4877), followed by an i.p. injection of 75-100 IU/kg of
hCG (Sigma, C-1063) at an interval of 72 h [27]. To retrieve oocytes,
ferrets were killed by administration of sodium pentobarbital (50-100 mg/
kg, i.p.) 12-24 h after hCG injection. The ovaries were excised and
washed three times with 0.9% (w/v) saline supplemented with 1% (v/v)
penicillin and streptomycin at 37-38.5°C. The small vesicular follicles
(0.5-2.0 mm in diameter) on the ovary surface were incised with a scalpel
in a Petri dish containing mPBS (Dulbecco PBS supplemented with 0.1%
[w/v] p-glucose, 36 mg/L of pyruvate, and 0.4% [w/v] BSA) to release
the cumulus-oocyte complexes (COCs). COCs with uniform cytoplasm
and several layers of cumulus cells were selected, washed three times with
mPBS, and cultured in the medium of TCM-199 (Gibco, Invitrogen, cat-
alog no. 12340-030) + 10% (v/v) FBS (Sigma, F-4135) + 10 IU/ml of
eCG (Sigma, G-4527) + 5 IU/ml of hCG (Sigma, C-8554). The COCs
cultures were covered with mineral oil (Sigma, M-8410) and incubated at
38.5°C in 5% CO,, 95% air for 24 h [28]. After maturation, expanded
cumulus cells of oocytes were removed by pipetting in mPBS containing
0.2% (w/v) hyaluronidase (Sigma, H-4272) for 1-3 min. Only oocytes
with normal morphology and uniform cytoplasm and containing a first
polar body were selected for enucleation and nuclear transfer.

Establishment of Fetal Fibroblast Cell Line

Ferret fetal fibroblasts were obtained from 28 dpc (days postcopula-
tion) fetuses derived from a Sable X Cinnamon mating (Marshall Farms,
North Rose, NY). The heads and all internal organs of fetuses were re-
moved, and each remaining carcass was minced individually in a Petri
dish. Each minced carcass was then transferred into a 50-ml tube and
digested with 25 ml of Trypsin:EDTA (Invitrogen, catalog no. 25200-056)
for 1 h at 37°C. Twenty milliliters of fresh Trypsin:EDTA was then added,
and cells were dispersed by gentle agitation and incubated for an additional
30 min at 37°C. Following trypsinization, cells were pipetted several times,
and large chunks of tissue were allowed to settle for 1-2 min before
removing the suspension cells to a new tube. Suspended cells were col-
lected by centrifugation at 1500 rpm for 5 min. Cells were then resus-
pended and washed once in 25 ml PEF media (Dulbecco’s modified Eagle
medium [DMEM, high glucose] supplemented with 10% [v/v] FBS, 1%
[v/v] L-glutamine [Sigma, G-7513], and 7.0 wl/L of 2-mercaptoethanal
[Sigma, M-7522]). Finally, cells were plated into PEF media on two to
three dishes (100 mm) per fetus and incubated at 37°C, 5% CO, and 95%
air overnight. On the following day, cells were washed with 1X PBS and
replaced with fresh PEF medium. Once cells reached confluency, they
were frozen down as zero passage (two vials/100-mm dish) in 10% di-
methyl sulfoxide (DMSO, Sigma D-2650)/10% FBS in DMEM and
thawed as needed.

Synchronization of Fibroblast Cell Line

After the birth of Dolly from presumed quiescent (GO) nuclei [20],
serum-starved cells are commonly used for NT [22-24]. To this end, our
initial studies were designed to examine the effect of serum starvation
treatment on the cell cycle of ferret fetal fibroblasts at different time points
in order to achieve synchronous populations of cellsin GO/G1 phase. Fetal
fibroblast cells at passage zero were thawed in a 37°C water bath and
seeded onto 100-mm dishes with 10 ml DMEM containing 10% FBS and
incubated at 37°C, 5% CO, and 95% air for 1-30 days. Cells were pas-
saged (1:5) every 3-5 days when they reached confluency for a period of
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30 days. For cell cycle synchronization experiments (serum starvation
treatment), 50% confluent monolayers of fibroblast were passaged for 4,
9, 14, 19, 24, and 29 days, washed with 1X PBS, and treated with DMEM
supplemented with 0.2% FBS overnight (14—16 h). Cells were then tryp-
sinized and fixed in cooled 80% ethanol (—20°C) for 15 min at 4°C. The
cell suspension was centrifuged, and the supernatant was carefully aspi-
rated to avoid losing cells. The cells were incubated in a PBS solution
containing 1 mg/ml RNase (Sigma, R-5125), 50 pg/ml propidium iodide
(P1, Sigma P-4170), and 0.1% saponin (catalog no. H277-57, Mallinckrodt
Baker, Inc., Paris, KY) for 30 min at room temperature in the dark. The
cells were subsequently transferred into PBS, and 10 000 cells were ana-
lyzed for each experimental condition by fluorescence-activated cell sort-
ing (FACS) for DNA content (Becton Dickinson FACScan). Percentages
of cells existing within the different phases of the cell cycle were calcu-
lated by gating on GO/G1, S, and G2/M cell populations. The gates were
held constant for control and serum-starved samples. All experimentswere
performed in duplicate with three different cell lines.

For nuclear transfer experiments, fetal fibroblasts were serum starved
for 1416 h prior to harvesting. Cells were then washed three times with
1X PBS, trypsinized, and centrifuged at 1500 rpm for 5 min. The pelleted
cells were then resuspended in 0.5-1.0 ml mPBS. Approximately 1 pl of
the cell suspension was transferred into the micromanipulation chamber
for use as the nuclear donors.

Enucleation Efficiency and Nuclear Transfer

Prior to performing nuclear transfer experiments, enucleation efficien-
cies were evaluated in a separate set of experiments aimed at determining
the extent of chromosomal DNA removal using fluorescent dyes. Oocytes
matured in vitro were stained with 10 pwg/ml of Hoechst 33342 for 5 min.
Oocytes showing blue chromosomes and a first polar body (PB1) by fluo-
rescent microscopy were then transferred to mPBS medium containing
7.5pg/ml of cytochalasin B (Sigma, C-6762) in the micromanipulation
chamber. Under microscopic Nomarski visualization, the PB1 and one
third to one half of the cytoplasm close to the PB1 was removed from
oocytes with a 25-um (inside diameter, 1D) glass pipette. The oocytes
subjected to enucleation were checked for removal of chromosoma DNA
by fluorescent microscopy.

Oocytes were not stained in Hoechst 33342 at any time for nuclear
transfer experiments. After enucleation of the oocytes, the enucleation pi-
pette was replaced by PiezoDrill pipette (flat opening, 10-pm ID, Humagen
Fertility Diagnostics, Inc., Charlottesville, VA) for nuclear transfer. Under
microscopic visudization, fibroblast cells (diameter 10-15 pm), cultured in
vitro for 5, 10, 15, 20, and 25 days with passaging every 5 days, were
aspirated into the pipette and transferred into the cytoplasm of enucleated
oocyte using the PiezoDrill. The cell membranes of fibroblast donors were
broken during the process of aspiration while leaving the nuclei intact.

Activation of Reconstructed Embryos

The reconstructed/nuclear-transferred embryos were removed to elec-
tronic activation medium (0.3 M Mannitol, 0.1 mM MgCl,, 0.1 mM
CaCl,, 0.5 mM Hepes, 0.01% [w/v] BSA) and placed between two parallel
electrodes (1-mm spacing) in a BTX Electro-cell Manipulator 2001 cham-
ber (BTX, San Diego, CA). Electrical stimulation consisted of an electrical
pulse of 3V AC for 5 sec followed by 1 DC pulse of 180 V/mm for 30
nsec. Following electrical stimulation, the reconstructed embryos were
incubated in TCM-199 medium containing 5 pg/ml of cyclohexamide
(Sigma, C-7689) for 5 min and 2 mM/ml 6-dimethylaminopurine (6-
DMAR Sigma, D-2629) for 4 h to facilitate chemical activation. These
methods were previously shown to be optimal for in vitro activation of
ferret oocytes [28].

In Vitro Culture and Embryo Transfer of Reconstructed
Embryos

For in vitro developmental studies, reconstructed embryos subjected to
electronic and chemical stimuli were transferred to TCM-199 medium con-
taining 10% (v/v) FBS and cultured at 38.5°C, 5% CO,, 95% air for 1-6
days as previously optimized for ferret embryos [27]. For in vivo devel-
opmental studies, reconstructed embryos subjected to electronic and chem-
ical stimuli were transferred directly into the oviducts of pseudopregnant
ferrets immediately following activation. A pseudopregnant state was
achieved in recipient albino females through mating with vasectomized
albino male 24 h prior to embryo transfer. Embryo transfer (ET) into
albino recipient ferrets was performed following anesthetization by i.p.
injection of 20-30 mg/kg each of ketamine HCl (Abbott Laboratories,
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TABLE 1. Percentage (mean * SEM) of cycling cells following serum starvation at increasing passage number.?

Percentage (mean = SEM) of cycling cells following serum starvation

Cell cycles/groups Day 5 Day 10 Day 15 Day 20 Day 25 Day 30
GO0/G1-phase
Control 68.4 = 4.12 59.2 = 1.62 57.6 £ 2.42 69.2 = 1.52 74.6 = 1.32 85.9 + 3.72
Starvation 86.3 = 2.3b 85.9 = 5.6° 89.3 = 6.1° 90.7 = 3.9> 93.3 = 0.7° 93.5 £ 1.22
G2/M-phase
Control 8.5 = 1.02 12.4 = 2.02 16.5 = 2.22 9.5 * 0.32 9.5 * 0.42 58 = 1.72
Starvation 3.2 £ 0.5 4.5 = 1.4b 5.7 = 2.8b 3.9 £ 1.0° 4.6 = 0.6" 4.2 = 0.72
S-phase
Control 23.1 £ 3.6 284 £ 4.6° 259 £ 0.4° 21.3 = 1.82 15.9 £ 1.6° 8.3 £ 2.12
Starvation 10.5 £ 2.8b 9.6 = 4.3 5.0 = 3.3b 5.4 £ 2.9b 2.1 £03b 2.3 x0.52

2 Differences among percentages containing different superscripted letters

phase between control and serum-starved samples (P < 0.05).

North Chicago, IL) and xylazine (Phoenix Pharmaceutical Inc., St. Joseph,
MO). A 3—4-cm incision was made along the midline of the abdomen to
expose the ovaries and oviducts. Between 20 and 40 nuclear transfer (NT)
embryos were delivered into oviducts using a fine glass pipette. After the
surgical wound was sutured, the ferret was allowed to wake up in its own
cage under close monitoring.

Assessment of the Embryonic Development

For evaluation of embryonic development in vitro, reconstructed em-
bryos were evaluated for various developmental stages (from two cell to
blastocysts) at 24-h intervals postactivation by staining with Hoechst
33342 (Sigma, B-2261) and examination by fluorescent microscopy. The
development of reconstructed embryos was compared to those harvested
from in vivo fertilization by mating [28]. The nuclei of cleaved embryos
showed blue fluorescence using a DAPI filter. Selected blastocysts were
differentially stained with 10 p.g/ml each of Hoechst 33342 and propidium
iodide (PI), using a previously described method capable of differentiating
nuclei from the inner cell mass (ICM) and trophectoderm (TE) [28]. This
method allows for fluorescent microscopic examination of embryo mor-
phology. Using this procedure, both nuclei of the ICM and TE fluoresced
blue under a DAPI filter. Nuclei of the TE, but not ICM, fluoresced red
using a N2.1 filter. When the two fluorescent channels were merged, nuclei
of ICM fluoresced blue, and nuclei of TE fluoresced pink.

For evaluation of embryonic development in vivo, the recipient ferrets
were either killed at 3 wk following ET (half-gestational time of ferret) or
at full term (6 wk following ET) when they failed to give birth. The uterus
was then evaluated for implantation plaques and fetuses. The in vivo de-
velopment of 3-wk NT reconstructed fetuses was compared to that of
normal 3-wk ferret fetuses developed from in vivo fertilization by normal
mating.

Statistical Analysis

For statistical analysis of cell cycle synchronization data (Table 1) and
data of in vitro development of reconstructed embryos (Table 2), the mean
percentage (=SEM) was calculated for each group. The normality as-
sumption of the percentages for each data set was checked by the Kol-
mogorov-Smirnov test using statistical Minitab 13 software (Minitab Inc.,
State College, PA). In addition, the Bartlett test (also using Minitab 13
software) was performed to justify the equal variance assumption of the

are significant when comparing the same time point and same cell cycle

percentages for each data set. When these two tests suggested that the two
assumptions were valid, one-way analysis of variance (ANOVA) was used
for statistic analysis with one independent variable (i.e., evauating the
effects of time comparing control and starvation groups in each cell cycle
phase and effects of cell culture time on in vitro development of recon-
structed embryos). When ANOVA demonstrated a significant difference,
the follow-up Tukey multiple comparison test was performed to determine
P-values for al possible two-group comparisons within the data set. The
Student t-test was applied to data sets with only two groups (Table 1, same
time point and same cell cycle phase, and Table 3, same type of cell). A
significant difference was determined when the P-value was <0.05.

RESULTS
Cell Cycle Synchronization of Fibroblasts

Results from cell cycle analysis demonstrated that the
percentages of GO/G1-phase cells following serum starva-
tion (85.9%-93.5%, from Day 5 to Day 25) were signifi-
cantly higher (P < 0.05) than those of control group
(57.6%—74.6%). In contrast, the percentages of G2/M- and
S-phase cells following serum starvation (G2/M: 3.2%—
5.7%; S. 2.1%-10.5%; from Day 5 to Day 25) were sig-
nificantly lower (P < 0.05) than those of control group (G2/
M: 8.5%-16.5%; S. 15.9%28.4%). Passage number sig-
nificantly (P < 0.05) reduced the percentage of cells in
control groups of S-phase (compared Days 5, 10, and 15
with Day 30) and G2/M-phase (compared Day 15 with Day
30) and significantly (P < 0.05) produced a trend toward
elevation in GO/G1-phase (compared Days 5, 10, 15, and
20 with Day 30) in a time-dependent fashion. Although
similar trends were also seen in starvation groups, no sta-
tistical differences were observed (Table 1).

Enucleation Efficiency, Nuclear Transfer, and In Vitro
Development of Reconstructed Embryos

Following serum starvation of ferret fetal fibroblast cells,
GO0/G1-phase cells are the dominant population (85.9%—

TABLE 2. In vitro development of reconstructed embryos by nuclear transfer of ferret fetal fibroblasts.

Days of donor

Percentage of the embryos developed to
(mean = SEM)

No. of No. of cells cultured
Groups ferrets oocytes used in vitro Cleavage Morula Blastocyst
1 3 36 5 38.7 £ 3.42 22.0 £ 432 13.8 = 2.02
2 3 41 10 45.6 = 4.42 25.1 = 4.32 14.2 = 2.52
3 3 35 15 48.7 £ 1.32 26.1 £ 5.12 14.6 = 4.1
4 3 37 20 64.4 = 5.6% 27.4 = 1.62 18.8 = 1.2
5 3 38 25 84.2 + 0.8° 29.2 £ 423 26.4 + 1.4b
Total 15 187 5-25 563 * 5.6 26.0 £ 1.6 17.6 £ 1.8

2 Differences among percentages containing different superscripted letters are significant (P < 0.05).
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FIG. 1. In vitro development of NT em-
bryos cultured in TCM-199 + 10% FBS
medium. A) Blastocysts derived from NT
embryos. B) Hatched blastocysts derived
from NT embryos. C) Enlarged from A. Ar-
rows indicate blastocysts. D) Enlarged
from B. Arrows indicate hatched blasto-
cysts. Magnification X40 (A and B) and
X100 (C and D).

93.5%). These synchronized GO/G1-phase fibroblasts were
used for nuclear donors in subsequent nuclear transfer ex-
periments. The results demonstrated that the enucleation
rate of oocytes was 80.8% (n = 82 oocytes from seven
independent experiments). The results aso indicated that
the time of nuclear donor cell culture also significantly af-
fected developmental potential of reconstructed embryos to
cleavage and blastocysts (Table 2, P < 0.05). Day 25 cul-
tures of starved fetal fibroblast cells were the most efficient
nuclear donors affording 84.2% cleavage and 26.4% blas-
tocysts. On average for all the donor cell cultures (Days 5—
25), 56.3% of reconstructed embryos (n = 187) cleaved,
and 26.0% and 17.6% developed to morula and blastocyst
phases, respectively (Fig. 1 and Table 2). The time course
for development of NT reconstructed embryos to cleavage
(two-cell stage), morula, and blastocyst stages was typically
24, 120, and 144 h postactivation, respectively.

Cellular Counts of ICM and TE in Normal and NT
Blastocysts

The reconstructed embryos that developed to blastocyst
phase were differentially stained and examined under fluo-
rescent microscopy for analysis of embryonic development
(Fig. 2). These embryos were compared to those harvested
from in vivo fertilization by mating. The results demon-
strated that the blastocysts derived from reconstructed em-
bryos appeared to have normal morphology and were com-
posed of appropriate cell numbers of both ICM and TE as
compared to normal blastocysts developed in vivo (Table
3).

In Vivo Development of Reconstructed Embryos
by Nuclear Transfer of Ferret Fetal Fibroblasts

Four hundred seventy-eight ferret NT reconstructed em-
bryos were transferred into 19 recipient albino pseudopreg-
nant females. Among the recipients, 16 were allowed to go
to full term (6 wk) and failed to give birth (n = 387 NT
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embryos). At that time the animals were killed, and the
uterus was evaluated for implanted embryos; however, none
were found (Table 4). In addition, three recipients were
evaluated at an intermediate time point of half gestation (3
wk). Results of this analysis demonstrated that 8.8% of NT
embryos (n = 91) implanted into the uterine lining of re-
cipients, while 3.3% formed fetuses (Fig. 3 and Table 4).
One of the three NT reconstructed fetuses that developed
to 3 wk had identical size and structure to that of in vivo-
conceived 3-wk fetuses (Fig. 3D), while the remaining two
NT reconstructed fetuses had blunted growth.

DISCUSSION

The successful cloning of sheep using cells synchronized
in GO-phase of the cell cycle has demonstrated the capacity
for reprogramming the DNA of differentiated cells [20, 29,
30]. Following that success, serum-starved cells are com-
monly used for NT [22—24], despite studies indicating that
nuclei in other phases of the cell cycle may support embryo
development and the birth of live offspring. For example,
Cibelli et a. [31] reported that cycling cells, which may
contain cellsin different cycle phases, could be successfully
used for nuclear transfer in cattle. However, the process of
nuclear reprogramming after cloning is still poorly under-
stood. It is thought to involve the replacement of factors
that control chromatin structure and gene expression [32]

TABLE 3. Cellular counts of inner cell mass (ICM) and trophectoderm (TE)
in native and transfer blastocysts.?

Blasto- No. of

cyst blastocysts Total cells ICM cells TE cells
group examined (mean = SEM) (mean *= SEM) (mean * SEM)
NT 11 72.2 £ 6.4 12.4 £ 1.92 59.8 = 4.6
Native 5 78.2 £ 3,92 15.6 = 1.72 62.6 £ 4.92

2 In the same column, differences among these groups containing same
superscripted letters are not significant (P > 0.05) as determined using
the Student t-test.
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FIG. 2.

with oocyte-derived factors that can redirect chromatin
structure and function to the requirements of the oocyte and
embryo [33, 34]. Such parameters of NT donor cells have
not been established for ferret cloning. In this study, we
described the production of ferret NT reconstructed embry-
0s using GO/G1-phase fetal fibroblast cells as donors and
their subsequent developmental capacity in vitro and in
vivo. Our results demonstrate that decondensed chromatin
from GO/G1l-phase fetal fibroblast cells can be repro-
grammed to support the development of reconstructed ferret
embryos in vitro and in vivo.

As shown in Table 1, we first evaluated the optimal pa-
rameters to synchronize ferret fetal fibroblasts in the GO/
G1l-phase of the cell cycle using serum starvation. Our re-
sults indicated that GO/G1-phase cells are the dominant
population (85.9-93.5%) following serum starvation. Fur-
thermore, passage number aso significantly (P < 0.05) in-
creased the percentage of fibroblasts in GO/G1-phase in a
time-dependent fashion. Similar passage-dependent trends

Differential staining of ferret NT embryos with nuclear dyes. The blastocysts derived from NT embryos before (A) and after (B-E) Hoechst
33342 and PI differential staining are showing as phase-contrast (A) and fluorescent (B—E) photomicrographs. A) The blastocysts before staining. B) Total
cells of the blastocyst appear blue using a DAPI filter (without coverslip). C) Total cells of the blastocyst appear blue using a DAPI filter (note embryo
is flattened with coverslip). D) TE cells appear red using a N2.1 filter (note embryo is flattened with coverslip). E) Merged DAPI and N2.1 images. The
ICM cells appear blue, whereas the TE cells appear pink. Magnification X100 (A and B) and X200 (C and D).

were aso evident in serum-starved groups, though no sta-
tistical differences were observed. When fibroblasts were
cultured for 30 days, no statistical differences were ob-
served between control and serum starvation groups at any
cell cycle phase. This results suggested that serum starva-
tion treatment on ferret fetal fibroblasts cultured for 30 days
might not be necessary when G0/G1-phase fibroblasts were
needed for ferret NT. Since prolonged passage can adverse-
ly affect the capacity of a somatic cell to be reprogrammed
in oocytes, we selected serum starvation of 5-25-day cul-
tures as the optimal synchronization procedure for NT. Al-
though choosing this condition for preparing nuclear donors
suggests that cells in our study were derived from GO/G1-
phase fibroblast, it is still plausible that G2/M- and/or S
phase cells may have contributed to the successful nuclear
donor pool.

In our previous study, we demonstrated the feasibility of
in vitro culture of ferret embryos [27] and conditions for
in vitro maturation and artificial activation of ferret oocytes

TABLE 4. In vivo development of reconstructed embryos by nuclear transfer (NT) of ferret fetal fibroblasts.

Experimental

Days of donor

Week of uterus

animal number of No. of NT cells cultured evaluation No. of fetuses/
recipient embryos transferred in vitro after ET? embryo implantations®<
1 24 10 3 3 fetuses/3 implantations
2 33 15 3 0 fetus/5 implantations
3 34 10 3 None
4-19 387 5-25 6 None

(25.2 = 1.49)

3 ET = embryo transfer.

b Fetus formation rate for experiments 1-3 was 3.3% (3/91).
¢ Implantation rate for experiments 1-3 was 8.8% (8/91).

d Mean = SEM.
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[28]. These protocols were used in this study for 1) in vitro
maturation of nuclear recipient oocytes, 2) electrical and
chemical activation on nuclear transfer embryos, and 3) in
vitro culture of nuclear transfer embryos. When combined
with the methods of nuclear transfer described in this study,
we observed 56.3% of NT embryos (n = 187) progressed
to cleavage, while 17.6% of them developed to a blastocyst
cell phase in vitro. These blastocysts retained norma mor-
phology and distribution of TE and ICM nuclei as seen in
native embryos generated by in vivo fertilization. However,
the level of blastocyst development remains lower than that
previously observed with parthenogenetic-derived embryos
(43.8%, n = 58) [28]. Although none of NT embryos (n =
387) developed to term in 16 recipient ferrets, the results
of 8.8% implantation and 3.3% fetal development of NT
embryos (n = 91) are encouraging. These findings suggest
that although our protocols for NT reconstruction are suf-
ficient to retain some developmenta potential of embryos
in vivo, they still require further optimization.

Many factors involved in the NT procedure could ex-
plain this lower developmental competence of ferret NT
embryos. First, it may stem from an inappropriate or partial
synchronization of donor cells, though any effect of con-
fluence or serum starvation on slowing or arresting the cell
cycle was readily reversible [35]. Second, inadequate re-
cipient cytoplasts may result in low development of NT
embryos. In this study, in vitro-matured ferret oocytes were
used as sources of recipient cytoplasts. Therefore, synchro-
nization of recipient oocytes prior to the enucleation may
be an important factor in the subsequent development of
NT embryos. Third, the reduced cytoplasmic volume re-
moved during the enucleation procedure may be another
reason of lower blastocyst development. Finally, matching
the developmental stage of NT reconstructed embryos with
the optimal implantation time of recipient ferrets could be
another reason for the lower NT embryo development in
vivo. For example, the rapid developmental window for
implantation in the rabbit has necessitated the need for
stringent asynchronous breeding schedules of recipients to
compensate for the lag in differentiation of NT reconstruct-
ed embryos and alow for efficient implantation [26]. It is
presently unclear why implanted NT reconstructed embryos
often abort during the third trimester [36]. Further optimi-
zation of the previously mentioned parameters may help to
increase in vivo development of NT embryos in the ferret
to full term.

In conclusion, the results of this study demonstrate that
the donor nuclei of GO/G1-phase fetal fibroblast cells can
be reprogrammed to support the development of recon-

In vivo development of NT embryos dissected from the recipient ferret at 3 wk post-embryo transplantation. A and B) Ovaries, oviducts, and
the uterus were dissected from two recipient albino ferrets 21 days following transfer of 24-33 NT reconstructed embryos each. The swollen regions
of the uterus (denoted by arrows) are regions of implanted NT reconstructed embryos. C) Fetuses marked 1 and 2 were dissected from the swollen
regions of the uterus in B. D) Normal 3-wk ferret fetus developed from in vivo fertilization by natural mating. Scale marker: A and B, 1.5 cm; C and
D, 0.5 cm.

structed ferret embryos in vitro and in vivo. However, cu-
mulatively our experience to date suggests that a significant
third-trimester block in NT embryo development remains a
significant obstacle for cloning ferrets and requires further
optimization.
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