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Abstract

Somatic cell nuclear transfer (SCNT) offers great potential for developing better animal models of human disease. The domestic ferret (Mustela
putorius furo) is an ideal animal model for influenza infections and potentially other human respiratory diseases such as cystic fibrosis, where
mouse models have failed to reproduce the human disease phenotype. Here, we report the successful production of live cloned, reproductively
competent, ferrets using species-specific SCNT methodologies. Critical to developing a successful SCNT protocol for the ferret was the finding
that hormonal treatment, normally used for superovulation, adversely affected the developmental potential of recipient oocytes. The onset of Oct4
expression was delayed and incomplete in parthenogenetically activated oocytes collected from hormone-treated females relative to oocytes
collected from females naturally mated with vasectomized males. Stimulation induced by mating and in vitro oocyte maturation produced the
optimal oocyte recipient for SCNT. Although nuclear injection and cell fusion produced mid-term fetuses at equivalent rates (~3—4%), only cell
fusion gave rise to healthy surviving clones. Single cell fusion rates and the efficiency of SCNT were also enhanced by placing two somatic cells
into the perivitelline space. These species-specific modifications facilitated the birth of live, healthy, and fertile cloned ferrets. The development of
microsatellite genotyping for domestic ferrets confirmed that ferret clones were genetically derived from their respective somatic cells and
unrelated to their surrogate mother. With this technology, it is now feasible to begin generating genetically defined ferrets for studying
transmissible and inherited human lung diseases. Cloning of the domestic ferret may also aid in recovery and conservation of the endangered
black-footed ferret and European mink.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Evolutionary conservation in organ physiology and cell
biology between humans and various animal species has
influenced the choice of alternative non-rodent models of
human disease pathogenesis. Recent successes in creating
cloned animals by SCNT (Baguisi et al., 1999; Chesne et al.,
2002; Galli et al., 2003; Kato et al., 1998; Lee et al., 2005;
Polejaeva et al., 2000; Shin et al., 2002; Wakayama et al., 1998;
Wilmut et al., 1997; Woods et al., 2003; Zhou et al., 2003) have
made animal modeling more feasible in alternative non-mouse
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species. The domestic ferret has emerged as an excellent model
system for studies involving reproductive physiology, endocri-
nology, and virology (Marini et al., 2002). Indeed, the ferret is
one of the most widely studied animal models of human
influenza infection (Pearson and Gorham, 1998) and is also an
ideal choice for modeling genetic lung diseases such as cystic
fibrosis (CF) (Li and Engelhardt, 2003). In part, this is due to the
remarkable similarity between ferret and human lung cell
biology (Choi et al., 2000; Mercer et al., 1994; Wang et al.,
2001). Moreover, the ferret has a 42-day gestation period and
reaches sexual maturity in 4 to 5 months (Fox and Bell, 1998),
making it one of the more rapidly reproducing species for
animal modeling by SCNT.

We have previously developed technologies for superovu-
lation in the ferret and nuclear transfer (NT) of GO/G1-phase
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ferret fetal fibroblasts into enucleated oocytes by direct
cytoplasm injection (Li et al., 2003). More recently, these
techniques were applied using electrofusion of somatic cells
as the method of NT (Li et al., 2005b). However, maturation
of late-stage NT ferret embryos using both these techniques
remained an inefficient process and further optimization of
SCNT procedures was needed to produce viable clones. In the
present study, we compared the efficiency of SCNT using
fetal fibroblasts and cumulus cell nuclear donors and two
methods of NT (nuclear injection and cell fusion). By altering
the oocyte harvesting procedures and improving the efficiency
of cell fusion, we successfully developed methods of
producing viable, reproductively competent, ferret clones.
This success represents the first reported cloning in this
species and has laid the foundation for genetic modeling with
this species.

Materials and methods
Reagents and animal housing

All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO,
USA) and Invitrogen Co. (Grand Island, NY, USA) unless otherwise noted.
Ferrets were purchased from Marshall Farms (North Rose, NY, USA). Female
sable coat-color ferrets (virgin, 6—7 months of age) and albino coat-color ferrets
(primipara, 9—12 months of age) were in estrus when delivered. The
vasectomized male ferrets (albino, 12 months of age) were used for mating to
induce follicular oocyte maturation in oocyte donor ferrets and to induce
pseudopregnancy in nuclear transfer (NT) embryo surrogate ferrets. All ferrets
were housed in separate cages under controlled temperature (20—22°C) and long
day light cycle (16 h light/8 h dark). Ferret chow was obtained from Marshall
Farms, North Rose, NY, USA.

QOocyte collection and in vitro maturation (IVM)

Ferret immature oocytes were obtained from sable coat-color ferrets mated
with vasectomized male ferrets 24 h prior to collection. To retrieve the oocytes,
ferrets were euthanized by administration of pentobarbital sodium injection (50—
100 mg/kg, i.p., Ovation Pharmaceuticals Inc., Deerfield, IL, USA). Ovaries
were excised, and small vesicular follicles on the ovary surface were incised in
mPBS [Dulbecco PBS supplemented with 0.1% (w/v) D-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
washed with mPBS and cultured in TCM-199 + 10% FBS + 10 IU/ml eCG
(equine chorionic gonadotrophin; Sigma G-4527) + 5 IU/ml of hCG (human
chorionic gonadotrophin; Sigma C-8554) at 38.5°C in 5% CO,, 95% air for 18,
20, and 22 h. Upon completion of in vitro culture, cumulus cells were removed
by pipetting in mPBS containing 0.2% (w/v) hyaluronidase and oocytes were
stained with 1% (w/v) orcein or 10 pg/ml of Hoechst 33342 (Sigma B-2261) as
previously described (Li et al., 2002). Oocytes displaying a disassembled
nuclear membrane, chromatin condensation, and a first polar body were
considered to be mature. The number of COCs collected from each ferret ranged
from 14 to 28 (19.5 + 4.2, mean + SE, n = 25).

Establishment of fetal fibroblast and cumulus cell lines

Ferret fetal fibroblasts were obtained from 28 dpc (day post copulation)
fetuses derived from a Sable (female) x Cinnamon (male) mating (Marshall
Farms, North Rose, NY, USA), and cell lines were established as previously
reported (Li et al., 2003). Each fetus was treated individually. After karyotype
analysis (Li et al., 2005a) on individual cell lines, fibroblasts from 3 male
fetuses were used for NT (within 3 passages). Cumulus cells were collected
from the COCs of sable coat-color ferrets, treated with 0.2% hyaluronidase/
mPBS, and cultured in 10% FBS/DMEM medium for 3—7 days. The somatic

cells were serum-starved for 24 h with DMEM containing 0.5% FBS before
NT.

Nuclear transfer and activation

In vitro matured oocytes were transferred to mPBS medium containing
7.5 pg/ml of cytochalasin B (CB, Sigma C-6762) in the micromanipulation
chamber. Using Nomarski optics, the first polar body and chromosome spindle
were aspirated into the pipette with a minimal volume of oocyte cytoplasm with
a 15 pm (inside diameter, ID) PeizoDrill glass pipette (Humagen™,
Charlottesville, VA, USA). Nuclear transfers (NTs) were performed by two
methods including microinjection of nuclei and electrofusion of intact cells as
described below. In select experiments, premature chromosome condensation
(PCC) and pronuclear (PN) formation was monitored at 2, 4, and 6 h post-NT or
post-parthenogenetic activation by staining embryos with 10 pg/ml of Hoechst
33342 for 2—5 min. Fluorescent microscopy was then used to monitor the timing
of PCC and PN formation.

Microinjection and activation

Serum-starved fetal fibroblasts or cumulus cells were transferred to a
micromanipulation chamber in mPBS medium containing 7.5 pg/ml of CB. One
fibroblast or cumulus cell (diameter >15 pm) was aspirated in and out of a
10 pm (ID) PeizoDrill glass pipette to break the cell membrane. One somatic cell
nucleus was then microinjected into the oocyte cytoplasm. The NT embryos
reconstructed by microinjection were transferred into electrical activation
medium [0.3 M Mannitol, 0.1 mM MgCl,, 0.1 mM CaCl,, 0.5 mM HEPES,
0.01% (w/v) BSA], placed between two parallel electrodes, and subjected to an
electrical pulse of 1 DC of 180 V/mm for 30 ps from an ECM 2001 (BTX, San
Diego, CA). The NT embryos subjected to electrical pulse were kept in TCM-
199 + 10% FBS medium for 1 h, and then incubated in TCM-199 medium
containing 5 pg/ml of cycloheximide (Sigma C-7698) and 2 mM 6-
dimethylaminopurine (6-DMAP, Sigma D-2629) for 1 h to facilitate chemical
activation.

Electrofusion and activation

Serum-starved fetal fibroblasts or cumulus cells were transferred to a
micromanipulation chamber in mPBS medium containing 7.5 pg/ml of CB. One
or two fibroblasts or cumulus cells were aspirated and inserted into the
perivitelline space (PVS) of enucleated oocytes using the same enucleation
pipette (15 um ID). Those cell-oocyte couplets were then transferred into
electrical fusion medium (the same as the above activation medium), placed
between two parallel electrodes, and manually aligned with a fine pipette so that
the contact surface between the oocyte and the donor cell was parallel to the
electrodes. Cell fusion was induced with an electrical pulse (as above). The
electrofusion efficiency of reconstructed embryos was examined within 20—
30 min after electrical pulse. The fused NT embryos were kept in TCM-
199 +10% FBS medium for 30 min (1 h from electrical pulse) then subjected 1 h
of chemical activation, as above. Unfused cell-oocyte couplets were retreated
with an electrical pulse, and fused NT embryos were then activated and cultured
as above (Li et al., 2005b).

Immunocytochemical analysis of Oct4 protein expression in
parthenogenetically activated oocytes

In vitro matured oocytes were subjected to a combination of electrical and
chemical stimuli (as described for NT embryo activation) to induce
parthenogenetic embryogenesis. The parthenogenetic embryos at <8-cell, 9- to
16-cell, morula, and blastocyst stages were washed twice in PBS containing
0.1% polyvinyl pyrrolidone (Sigma P-0930) (PBS—PVP) then fixed in 3.7%
paraformaldehyde (Electron Microscopy Sciences, Front Washington, PA,
USA) in PBS-PVP (pH 7.4) for 15 min at 4°C. After permeabilization with
0.1% Triton X-100 (Sigma T-9284) in blocking solution (3% goat serum in
PBS-PVP) for 10 min at room temperature (RT), the specimens were washed
three times and incubated for 1 h at RT in 3% goat serum PBS—PVP. Embryos
were then incubated in 3% goat serum PBS—PVP containing anti-Oct4 (Santa
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Cruz Biotechnology, Santa Cruz, CA) rabbit polyclonal antibody (1:200
dilution) at 4°C for overnight. After extensive washing, the embryos were
exposed to affinity-purified goat anti-rabbit secondary antibody conjugated with
fluorescein isothiocyanate (FITC, 1:100 dilution, Santa Cruz Biotechnology,
Santa Cruz, CA). The embryos were then co-stained with 40,60-diamidino-2-
phenylindole (DAPI) in UltraCruz™ mounting medium (Santa Cruz Biotech-
nology, Santa Cruz, CA), mounted onto slides, and examined with fluorescence
microscopy. Controls were performed by omitting the primary antibody, and no
staining was consistently observed.

Embryo transfer (ET)

After NT, electrofusion, and/or activation, the embryos were rinsed in mPBS
and transferred into pseudopregnant ferrets immediately. A pseudopregnant
state was achieved in surrogate albino primipara ferrets through mating with a
vasectomized albino male 24 h prior to embryo transfer (ET). A single stock
solution of saline containing 10 mg/ml each of ketamine HCl (Abbott
Laboratories, N. Chicago, IL, USA) and xylazine (Phoenix Pharmaceutical
INC., St. Joseph, MO, USA) was prepared. The surrogate ferrets were routinely
anaesthetized by i.p. injection of this solution to a final concentration of 20 mg/
kg of ketamine and 20 mg/kg xylazine. If the depth of anesthesia was
insufficient, an additional dose of the stock solution was administered up to a
total dose of 30 mg/kg. The abdomen was shaved and disinfected with 10%
povidone-iodine and 70% ethanol. A 3—4 cm incision was made along the
midline of the abdomen to expose the ovaries and oviducts. The 23-gauge
needle was used to generate a hole on the surface of the left oviduct. Between 25
and 55 NT embryos were delivered into the left oviduct through the hole using a
fine glass pipette with an inner diameter slightly larger than that of the embryo.
After the surgical incision was sutured, the ferrets were returned to their cages
and closely monitored until they were awake. Mid-term and full-term
development of NT embryos was assessed at 3 weeks and 6 weeks post-ET,
respectively.

Microsatellite genotyping of DNA

The microsatellite analysis was essentially performed as previously
described (Wisely et al., 2002). Eleven primer sets were used based on
microsatellite analysis in mink, black-footed ferret, and Canadian polar bear
including: Mer022, Mvis072, Mer095, Mvis075 (Fleming et al., 1999);
Mvi87, Mvi232, Mvis022, Mvi57 (O’Connell et al., 1996); G1A (Paetkau et
al., 1995); Gg4 (Davis and Strobeck, 1998); Mer049 (Wisely et al., 2002).
Briefly, the PCR products were amplified using ABI dye labeled primers
(only the forward dye was labeled) and run in a thermocycler. The PCR
products were run on an automated sequencer and analyzed by ABI
GeneMapper version III software. The ABI dyes used were TAM, HEX, and
FAM. ROX was used as the standard.

Statistical analysis

Statistical analysis was performed using SAS 8.0 statistical software (SAS
Institute Inc., Cary, NC, USA). One-way ANOVA was used for statistical
analysis. When ANOVA demonstrated a significant difference, the follow-up
Tukey multiple comparison test was performed to determine P values for all
possible two-group comparisons within the data set. For all statistical analyses, a
difference was considered to be significant when the P value was <0.05.

Results
In vitro maturation (IVM) of ferret oocytes

Immature ferret oocytes were obtained from Jills mated
with vasectomized male ferrets 24 h prior to collection. This
was a change from our previous strategy for SCNT in which
we used oocytes collected following superovulation. As
shown in Table 1, oocytes cultured for 20 and 22 h achieved

Table 1

In vitro maturation of ferret oocytes

Hours No. of No. of No. of % of matured

of IVM replicates oocytes matured oocytes
examined oocytes (mean + SEM) *

18 5 95 81 85.1 +1.9°

20 5 96 89 93.0 £2.0°

22 5 102 94 92.9 +2.6°

* Differences among percentages containing the different superscripted letters
(a,b) are significant (P < 0.05).

in vitro maturation rates of 93%, significantly greater
(P < 0.05) than that of oocytes cultured in vitro for 18 h
(85%). This rate of in vitro oocyte maturation was sig-
nificantly greater than that previously obtained using oocytes
collected following hormonal superovulation (70%) (Li et al.,
2002). Since no statistical differences were observed for IVM
rates at 20 and 22 h of culture, we chose 20 h IVM oocytes
with normal morphology, uniform cytoplasm, and containing
a first polar body for enucleation and NT.

Nuclear transfer by microinjection and in vivo development of
cloned embryos

Using the direct injection protocol, nuclei from cumulus
cells or fibroblasts were microinjected into enucleated
oocytes using a Piezo drill pipette. Following electrical
and chemical activation, NT embryos were transferred into
pseudopregnant albino primipara ferrets. We carried out 30
such nuclear transfer procedures, which resulted in 851
cloned embryos (460 embryos from fibroblast cell nuclei and
391 embryos from cumulus cell nuclei) (Table 2). These
cloned embryos were transplanted into 30 recipient Jills (15
with each cell type), and mid-term development (21 day) of
cloned embryos was assessed in 26 surrogate females while
the remaining 4 Jills were allowed to go to term. As shown
in Table 2, embryos from fibroblast nuclei implanted into
the uterus at a rate of 7.2% (25/349) and 3.4% (12/349)
formed visible fetuses at 21 days (Fig. 1). Cloned embryos
derived from injection of cumulus cell nuclei more
efficiently implanted into the uterus (14.2%, 44/310),
however, fetal formation rates were similar to that observed
with fibroblasts (4.2%, 13/310) (Table 2). Of the remaining
4 surrogate Jills allowed to go to term, only one female pup
was born from cumulus-cell-generated embryos (1.2%, 1/81)
and this pup died shortly after birth. No live births occurred
with the 111 fibroblast NT embryos transplanted into two
Jills (Table 2).

Nuclear transfer by cell fusion and in vivo development of
cloned embryos

Utilizing the cell fusion technique, 1-2 intact fibroblasts,
or cumulus cells was inserted into the perivitelline space
(PVS) of enucleated oocytes and fused via electrical pulse.
Following chemical activation, NT embryos were transferred
into 28 surrogate females, 14 with each cell type. In total, 917
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Ferret cloning using different methods for nuclear transfer and somatic donor cell types

Method of nuclear Donor cell (type) Nuclear transfers

Embryo transfers

3-week 3-week fetal Birth rate (%)

transfer (no. embryos transferred) (no. recipients) implantation (%) development (%)

Microinjection Fibroblast 460 15 7.2 (25/349) 3.4 (12/349) 0 (0/111)
Cumulus cell 391 15 14.2 (44/310) 4.2 (13/310) 1.2 (1/81)*

Cell Fusion Fibroblast 430 14 5.5 (18/326) 3.1 (10/326) 0.96 (1/104)°
Cumulus cell 487 14 4.3 (16/375) 3.2 (12/375) 1.8 (2/112)¢

* Female clone died hours after birth.
® Male clone died 3 days after birth.
¢ Healthy reproductively competent female clones.

cloned embryos were produced, 430 embryos from fibroblast
cells, and 487 embryos from cumulus cells (Table 2). The
mid-term development of cloned embryos in 12 surrogate
Jills for each donor cell type was evaluated at 3 weeks
following ET. As shown in Table 2, 5.5% (18/326) of
fibroblast NT embryos underwent implantation with 3.1%
(10/326) showing visible fetal development. Similar results
were observed with cumulus cell NT embryos with 4.3% (16/

Uterus

Fibroblast
Donors

Cumulus
Donors

Normal
Mating

375) undergoing implantation and 3.2% (12/375) giving rise
to a 21-day fetal formation (Table 2, Fig. 1). The remaining
NT embryos in the four surrogate females were allowed to
develop to term. One male pup was born that was derived
from a fibroblast NT embryo (0.96%, 1/104) and died 3 days
after birth. Two live-born female pups (1.8%, 2/112) were
produced from cumulus cell NTs (Table 2) and named Libby
and Lilly (Fig. 2A).

Fetus

Fig. 1. In vivo development of 21-day fetuses following SCNT. Gross anatomical examples of implantations and dissected fetuses at 21 days for fibroblast and

cumulous clones as compared to natural mating with fertile males.
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Fig. 2. (A) Two cloned sable coat-color female ferret pups, Libby and Lilly (at 7
weeks of age), produced by SCNT and ET into an albino surrogate Jill. (B) Lilly
with her 6 newborn pups. (C) Libby with her 10 newborn pups.

Since no viable offspring were obtained following SCNT
using fibroblast cell fusion, we attempted to assess whether
developmental abnormalities existed in fibroblast NT clones.
To this end, we compared the histology of 21-day fetuses
derived from in vivo fertilization with two 21-day fibroblast
NT clones. These data are presented in Fig. S1. No obvious
differences in the development of primordia/organs were
observed between 21-day in vivo fertilized embryos and NT
embryos including the mandibular component of the branchial
arch, heart, lung bud, hepatic primordium, lumen of
duodenum, centrum of axis, dorsal root ganglion, and third
ventricle. However, as shown in whole mount embryo panels
of Fig. 1 and Fig. S1 (NT-2), mid-gestation NT fibroblast
clones were sometimes smaller, suggesting retarded growth.

We could not easily obtain histologic data from full-term
embryos that died after birth due to cannibalism of the
newborn carcass by the Jill.

Nuclear reprogramming in vitro following SCNT and
parthenogenetic activation

Since cell fusion was the most effective approach in
developing live clones, we sought to determine whether in
vitro development of cloned embryos was improved over
previous attempted approaches. To this end, we evaluated the
progression of fibroblast-cloned embryos to premature chromo-
some condensation (PCC) and pronuclei (PN) formation
following fibroblast cell fusion and activation. As shown in
Table 3 and Fig. 3, the majority of reconstructed embryos
progressed to PCC by 2 h post-NT, while pronuclei formation
was maximal by 6 h. Under these conditions, 80% of
reconstructed embryos cleaved while 35% and 16% developed
to morula and blastocyst stages, respectively (Table 3). These
rates of morula and blastocyst development achieved by cell
fusion were similar to that previously achieved following
nuclear injection of fibroblast nuclei (morula 26.0%; blastocyst
17.6%), a method that failed to give rise to full-term embryo
development (Li et al., 2003).

The cytoplasmic environment in mature oocytes promotes
nuclear envelope breakdown (NEBD) and PCC following
SCNT. The exposure of somatic chromatin to the oocyte
cytoplasm is thought to promote more efficient nuclear
reprogramming and in vitro development of the bovine NT
embryo (Tani et al, 2001). Moreover, the time interval
between SCNT and embryo activation appears to be an
important determinant for successful in vitro development in
these NT embryos (Choi et al., 2004). Therefore, we sought
to confirm NEBD and PCC in the ferret oocyte following
cell fusion as the basis for determining the optimal time for
activation following SCNT. As shown in Table 4, approx-
imately 19% of NT embryos progressed to PCC by 4 h
following cell fusion. This percentage was strikingly similar
to the extent of blastocyst formation (16%) following NT and
activation (Table 3).

Table 3

Timing of nuclear reprogramming events following SCNT

Hours after activation Interphase PCC* PN®

2 23.8% (5/21) 71.4% (15/21) 4.8% (1/21)
4 5.9% (2/34) 41.2% (14/34) 52.9% (18/34)
6 3.7% (1/27) 11.1% (3/27) 85.2% (23/27)

In these studies, we evaluated reconstruction of 174 embryos of which 82 were
stained to evaluate PCC formation and 92 were cultured in vitro to evaluate
embryogenesis. In these studies, 80% progressed to cleavage, 35% progressed to
morula, and 16% progressed to blastocysts. The percentage in each category
found at the given time points is shown with the fraction of reconstructed
embryos analyzed in parentheses. A total of 16 Jills were used for these
experiments, and oocytes were collected in the absence of hormonal stimulation
by mating with vasectomized males.

# PCC: premature chromosome condensation.

® PN: pronuclei. Results are shown following fibroblast cell fusion and
activation.



444 Z. Li et al. / Developmental Biology 293 (2006) 439-448

C
o 3¢
¢ o0

Blast (7d

~ ’
Blast (7d)sw = e %

Fig. 3. In vitro development of fibroblast NT embryos following cell fusion and activation. (A) DAPI staining of PCC formation at 2 h post-SCNT. (B) DAPI staining
of pronuclei formation at 4 h post-SCNT. (C) Bright field photomicrograph of 7-day blastocysts formed following SCNT. (D) DAPI stained 7-day blastocysts formed

following SCNT.

Oct4 expression patterns in parthenogenetically activated
ferret oocytes derived from hormonally treated and naturally
mated donors

To begin to determine why oocytes derived from non-
hormonally stimulated donors appeared to have a greater in
vivo developmental capacity following SCNT, we assessed the
relative activation of the Oct4 embryonic gene product.
Incomplete reactivation of Oct4 and Oct4-related genes has
been suggested to hinder in vivo developmental capacity
following SCNT leading to embryonic lethality of somatic cell
clones in mice (Bortvin et al., 2003). To this end, we compared
the protein expression of Oct4 in early and late stage
parthenogenetically activated oocytes harvested from hormon-
ally treated Jills or Jills mated with vasectomized males.

Table 4

Progression of PCC following cell fusion

Hours after Interphase PCC* PN %"
cell fusion

2 100% (16/16) 0% 0

4 81.2% (13/16) 18.8% (3/16) 0

6 88.9% (8/9) 11.1% (1/9) 0

Progression to PCC was evaluated following fibroblast somatic cell fusion in the
absence of activation. In total, 41 oocytes collected from four Jills in the absence
of hormonal stimulation by mating with vasectomized males were analyzed. The
percentage in each category found at the given time points is shown with the
fraction of oocytes analyzed in parentheses.

# PCC: premature chromosome condensation.

° PN: pronuclei.

Interestingly, parthenogenetically activated oocytes harvested
from hormonally treated Jills expressed Oct4 in 47 + 14% of
nuclei in early stage embryos of <21 cells (Fig. 4). This level
of Oct4 expression was significantly lower (P < 0.028) than
that seen following parthenogenetic activation of oocytes
harvested from Jills mated with vasectomized males in side-by-
side experiments (83 = 5%) (Fig. 4). However, no differences
in the nuclear frequency of Oct4 staining were seen at morula
and blastocyst stages in either of the two groups. Hence,
hormonal stimulation of oocytes during the collection period
appears to predispose ferret embryos to altered activation of
Oct4.

Genetic analysis of clones

Microsatellite marker analysis of live-born ferret clones was
developed based on previous microsatellite primers used for
related species (Davis and Strobeck, 1998; Fleming et al.,
1999; O’Connell et al., 1996; Paetkau et al., 1995; Wisely et
al., 2002). Approximately 90% of the primers tested had
sufficient conservation in domestic ferrets to amplify the
correct size microsatellite fragments. This microsatellite
marker analysis confirmed that all three live-born clones
were genetically indistinguishable from the respective somatic
cells from which they were derived (Table 5). In contrast,
analysis of DNA from 13 unrelated ferrets demonstrated
multiple differences in the 11 microsatellite sequences
analyzed, with none giving rise to the identical genotypes
(Table S1). The values shown in Table 5 and Table S1 indicate
the fragment size of both alleles in base pairs. Libby and Lilly
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Fig. 4. Oct4 staining of parthenogenetically activated oocytes. Oocytes were collected (A) following eCG treatment of donor Jills or (B) following natural mating with
vasectomized males. Oocytes were activated as described in Materials and methods and stained with anti-Oct4 antibodies and DAPI at various stages as indicated. A
total of four Jills were used to generate at least 6 embryos in each developmental group. Oct4 expression was seen in 47 + 14% of nuclei from <21 cells embryos of the
hormonally treated group and 83 + 5% of nuclei from <21 cells embryos in the untreated group.

are heterozygous at locus Mer095, identical to the genotype of
the donor cells at that locus, but different from that of their
surrogate mother. Similarly, the cloned male ferret has multi-

Table 5
Microsatellite genotyping of ferret DNA

locus genotypes identical to the donor cells (e.g., Mvi232 and
Mer049), but different from his surrogate mother (e.g.,

Mvi232 and Mer049).

Ferrets and cells

Microsatellite DNA markers

Mer022  Mvi87  GIA Mvis072  Mvi232 Gg4 Mvis022  Mer095 Mvi57 Mvis075  Mer049
Donor cumulus cells (Sable)  245/245  78/78 160/162  269/269 155/155 90/90  282/284 148/150°  106/106  139/139 183/185
Libby* 245/245  78/18 160/162  269/269 155/155 90/90  282/284 148/150°  106/106  139/139 183/185
Lilly* 245/245  78/78 160/162  269/269 155/155 90/90  282/284 148/150°  106/106  139/139 183/185
Surrogate mother (albino) 245/245  76/78 162/162  269/269 153/155 90/90  284/284 152/152°  106/106  139/139 185/185
Donor fibroblast cells 245245  76/78 160/162  269/271 155/155°  90/90  284/284 150/152 106/108  139/139 183/183°
Clone*® 245/245  76/78 160/162  269/271 155/155°  90/90  284/284 150/152 106/108  139/139 183/183°
Surrogate mother 245/245  76/78 160/162  269/271 153/159°  90/90  284/284 152/152 104/106  139/139 185/185°

ALO1-ALO02: unrelated albino fibroblasts; SA0O1-SA10: unrelated sable fibroblasts; ND: not determined; FCC1: ferret cumulus cells unrelated to cloned animals.
? Lilly and Libby—Sable coat-color ferrets cloned from cumulus cells (Fig. 1).
® Informative markers distinguishing somatic-cell-derived clones from their surrogate mother. Analysis of 13 unrelated DNAs from Albino and Sable coat-color

ferrets is shown in Table S1.

¢ Clone—Live-born male ferret cloned from fibroblast cells and died 3 days after birth.
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Fertility of cloned ferrets

Progression to estrus in ferrets is regulated by the duration of
light to which the animals are exposed (Donovan, 1967; Fox
and Bell, 1998). Ferrets normally reach sexual maturity within
4-5 months of age (Fox et al., 2002), and, typically, sexually
mature female ferrets transferred to a long-light cycle (16 h
light/8 h dark) enter estrus within 21 days. Libby and Lilly were
reared in a continuous long-light cycle but failed to enter estrus
after 6 months. As such, these clones were subsequently
exposed to a short light cycle (10 h light/14 h dark) for
approximately 100—120 days to reset their estrus “clock”. Upon
reintroduction to a long-light cycle (16 h light/8 h dark), the two
clones successfully entered estrus within 3—4 weeks. Each was
then mated naturally with a fertile male. Lilly and Libby gave
birth to 6 and 10 healthy pups (Figs. 2B, C), respectively. Lilly
and Libby were subsequently bred a second time and gave rise
to litters of 6 and 7 healthy pups, respectively. At 7 weeks
postpartum, Lilly developed mastitis and died from sepsis
within 3 days of diagnosis, despite antibiotic treatment.
Escherichia coli was detected from nodules in the lung, liver,
and mammary glands. Her pups were successfully nursed by
hand and remain healthy.

Discussion

The successful production of viable ferret progeny following
somatic cell nuclear transfer provides exciting new opportuni-
ties for basic research, investigating early embryogenesis and
the propagation of endangered black-footed ferrets and
European minks. To our knowledge, this study represents the
first successful cloning of the domestic ferret by SCNT using in
vitro matured oocytes as cytoplasm donors and in vitro cultured
fetal fibroblast cells and cumulus cells as nuclear donors. Given
the relatively short total reproductive cycle of the ferret, with a
gestation period of 42 days and 4—5 months to sexual maturity
(Fox et al., 2002), the ferret represents an attractive animal
model for genetic manipulation in conjunction with SCNT.

Successful SCNT is highly dependent upon oocyte quality.
To prepare donor oocytes for nuclear transfer (NT), we initially
attempted to obtain in vivo matured oocytes by superovulating
ferrets with hormone treatment (Li et al., 2001). This is a
standard approach used in rabbit NT (Chesne et al., 2002).
Although superovulated ferret oocytes are efficiently fertilized
in vivo and developed to term (Li et al, 2001), oocytes
harvested following superovulation were fragile and rapidly
fragmented during NT procedures. To our knowledge, such
rapid deterioration of superovulated oocytes has not been
reported for other cloned species. To circumvent this limitation,
we developed methods for in vitro maturation (IVM) of oocytes
collected from ovaries of hormone-treated ferrets (Li et al.,
2002). Although matured oocytes derived in this manner were
stable throughout the NT process, they failed to give rise to
cloned ferrets due to a significant embryogenic block during the
last half term of gestation (Li et al., 2003).

Recognizing that natural ovulation in ferrets is induced by
copulation (Chang and Yanagimachi, 1963), we modified the

procedure of [IVM by harvesting immature oocytes from ferrets
mated with vasectomized male ferrets 24 h prior to collection in
the absence of hormone treatment. IVM rates of oocytes
collected in this manner (93%) were significantly higher than
that previously reported for oocytes collected following
hormonal superovulation (70%) (Li et al.,, 2002). This
difference in the quality of oocytes for [IVM may be one reason
full-term development was achieved in the current studies as
compared to previous methods (Li et al., 2003). Two studies
demonstrating that eCG treatment protocols used for superovu-
lation reduce developmental competence of in vivo fertilized
embryos cultured in vitro and then transplanted into recipient
mice and hamster support the notion that hormonal treatment
may also affect in vivo development of cloned embryos in ferret
(Ertzeid and Storeng, 2001; McKiernan and Bavister, 1998).
Furthermore, our studies demonstrating that oocytes harvested
from hormonally treated Jills have delayed onset of Oct4 protein
expression during early stages of parthenogenetic embryogen-
esis, as compared to those harvested following mating with
vasectomized males, support the hypothesis that oocyte
exposure to eCG/hCG during superovulation adversely affects
developmental reprogramming.

We observed no correlation between the rate of implantation
of NT embryos and full-term birth of clones. For example, the
highest rates of implantation were achieved following nuclear
transfer of cumulus nuclei (14.2%), but only one live birth was
obtained and the clone died within hours. Despite the lower
implantation rate of NT embryos produced by cell fusion of
cumulus cells (4.3%), two viable clones were produced. The
increased success of cell fusion, using two or more somatic
cells, may have also contributed to this approach producing the
most viable cloned offspring.

Many somatic cell types, including mammary epithelial
cells, ovarian cumulus cells, fibroblasts, sertoli cells, macro-
phages, and blood leukocytes, have been successfully utilized
for nuclear transfer (Kato et al., 2000; Shi et al., 2003; Tian
et al., 2003; Yanagimachi, 2002). In accordance with previous
work with mice (Rideout et al., 2001; Wakayama et al.,
1998), cattle (Kato et al., 1998, 2000; Tian et al., 2003),
rabbits (Chesne et al., 2002), and cat (Shin et al., 2002), our
results also suggest that donor cell type can significantly
affect NT embryo development in the ferret, with cumulus
cells proving to be more effective than fibroblasts for SCNT.
It is reported that abnormal phenotypes have been seen in
animals derived from NT. These include respiratory distress
(Carter et al., 2002; Garry et al., 1996; Walker et al., 1996),
contracted tendons and cardiovascular problems (Carter et al.,
2002; Hill et al., 1999; Lai et al., 2002; Schnieke et al.,
1997), and large birth weights (Boquest et al., 2002; Walker
et al., 1996). It has been reported that approximately 60—70%
of the cloned calves born survive normally to the adult stage
and present an apparently normal physiology (Heyman,
2005). In ferret clones that died shortly after birth, no
obvious gross developmental abnormalities were seen in the
remainder of the carcass that was not cannibalized by the Jill.
However, detailed histopathology was not possible due to the
post-mortem state in which the pups were found. Hence, we
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cannot rule out that post-natally failed clones had develop-
mental abnormalities. Although 21-day NT clones derived
from fibroblasts often appeared to have retarded growth
compared to those derived from NT cumulus cells or natural
mating (Fig. 1 and Fig. S1), no obvious histologic differences
in primordia/organ development were observed in 21-day NT
fibroblast clones (Fig. S1).

Our reproductive data on Libby and Lilly are consistent with
several studies demonstrating normal reproductive behavior and
fertility in numerous cloned species including mice (Tamashiro
et al., 2002; Wakayama and Yanagimachi, 1999), cattle (Tian et
al., 2003; Wells et al., 2004), and pigs (Boquest et al., 2002; Mir
et al., 2005). It is currently unclear if the death of Lilly, due to
mastitis-induced sepsis, was an event caused by her cloning.
Mastitis caused by Hemolytic E. coli is frequently seen in ferrets
and, if untreated, leads to sepsis and death (Liberson et al.,
1983).

Taken together, two procedural modifications of current
cloning protocols in the ferret led to the production of these live
healthy clones. These included optimizing recipient oocyte
quality by omitting hormonal treatments typically used to
increase oocyte yield and the implementation of cell fusion as
the means of nuclear transfer with two or more somatic cells
inserted into the perivitelline space. With further improvements,
these studies will likely enhance the utility of the ferret as a new
species to study developmental biology and model human
diseases.
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