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ABSTRACT Abnormal oocyte spindle due to
the improper function of ooplasm is associated with
female infertility of advanced maternal age. A possible
way to overcome this problem is to transfer an oocyte
germinal vesicle (GV) which contains genetic materials
of a patient with a history of poor embryo development
to the cytoplast from a donor oocyte. Here we demon-
strate that GV transfer is feasible using a rabbit model.
When the GVs were transferred to auto- or hetero-
cytoplasts of GV stage oocytes, around 80% of the
reconstructed oocytes could mature in vitro and 7.1—
9.4% of the oocytes developed to blastocyst stage after
intracytoplasmic sperm injection (ICSI). Transfer of 93
fertilized eggs reconstructed via GV transfer into six
recipients resulted in two live offspring. Results of this
experiment indicate that GV transfer can potentially
become a new approach in treatment of infertility
because of advanced maternal age. Mol. Reprod. Dev.
58:180-185, 2001. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

The relationship between nuclear and cytoplasmic
components during oocyte meiosis, fertilization, and
early development has been widely investigated and it
has been proposed that cytoplasmic determinants play
an important role in these processes (Muggleton-Harris
et al.,, 1982; Pratt et al.,, 1988; Flood et al.,, 1990;
Battaglia et al., 1996; Levron et al., 1996). In humans, it
has been shown that abnormal oocyte spindle mor-
phology is associated with female infertility; spindle
abnormalities, such as abnormal chromosome align-
ment and a microtubule matrix that compromises the
meiotic spindle function have been attributed to
advanced maternal age (Battaglia et al., 1996). These
data indicate that the regulatory mechanisms respon-
sible for the assembly of meiotic spindle are signifi-
cantly altered in older women, leading to the high
prevalence of aneuploidy.

A possible way to overcome this problem is to transfer
the cytoplasm from donor oocytes into the eggs of a
patient with a history of poor embryo development
(Cohen et al., 1998; Van Blerkom et al., 1998). Germinal
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vesicle (GV) transfer enables nearly complete cyto-
plasm exchange between oocytes. Researchers have
been using a mouse oocyte GV transfer model to test the
possibility of this technique in human assisted repro-
duction. When GVs were transferred into anuclear
cytoplasts of GV stage oocytes, both auto- and hetero-
GV transferred oocytes could mature normally in vitro
to the metaphase II stage (Liu et al., 1999; Takeuchi
et al., 1999). However, no further developmental pro-
gress was reported. This approach has also been tested
in human oocytes (Zhang et al., 1999). Rabbit oocytes
are similar to human oocytes in that they are more
resistant to micromanipulation than mouse oocytes
and their GVs can easily be seen under phase contrast
microscope.

The aim of the present study was to establish a model
to elucidate the cytoplasmic and nuclear interrelation-
ships underlying the onset and progression of meiosis,
and to determine the effect of GV transfer on the
development of the reconstructed rabbit oocyte after
ICSI.

MATERIALS AND METHODS
Animals and Oocyte Collection

Female Japan Big Eared White rabbits (White
rabbit) and indigo blue Chinchilla rabbits (Blue rabbit)
were injected intramuscularly with a total of 0.7—
0.8 mg of follicle stimulating hormone (FSH) (Institute
of Zoology, Academia Sinica) two times daily for 3 days
and cumulus enclosed oocytes were collected from the
ovaries 84 hr after the first injection. Cumulus cells
were removed mechanically after exposure to M2
medium containing 500 IU/ml hyaluronidase (Sigma)
for 5 min. The GV stage oocytes were cultured in tissue
culture medium 199 (M199, Sigma) supplemented with
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10% fetal calf serum (FCS, Sigma) and 20 ug/ml 3-
isobutyl-1-methylxanthine (IBMX, Sigma) for 1.5hr.
This inhibitor of cyclic nucleotide phosphodiesterase
prevents spontaneous GVBD. Control GV oocytes were
incubated with IBMX but were not micromanipulated
prior to in vitro maturation.

Recipient rabbits of Japan Big Eared White breed
were synchronized by superovulation via the same
procedure described above and then injected intrave-
nously with 100 IU hCG (Institute of Zoology, Academia
Sinica) 72hr after the first FSH injection. Their
vaginae were stimulated using sterile glass probe at
the time of hCG injection.

Preparation of GV-Karyoplasts

GV stage oocytes were cultured in 50 pl of M2 med-
ium with 10% FCS, 7.5 pg/ml cytochalasin B (CB) and
20 pg/ml IBMX for 30 min at room temperature before
GV aspiration. The method of GV removal was as
described by Takeuchi et al. (1999) and Liu et al. (1999).
Briefly, the zona pellucida was penetrated by pressing a
glass microneedle tangentially into the perivitelline
space against the holding pipette. The GV, surrounded
by a small amount of cytoplasm (GV karyoplast), was
repelled through a slit made in the zona as described by
Meng et al. (1996) by increasing the pressure inside a
holding pipette. The extruded GV-karyoplast remained
connected with the oocyte as an indicator of the con-
venient retransfer of another, different GV karyoplast.
The diameter of GV karyoplast was about 30—40 pm.

GV Transfer, Electrofusion, and Maturation

The White rabbit GV (WGV) and Blue rabbit GV
(BGV) karyoplasts were transferred back to the same
oocyte (W-auto-GV and B-auto-GV), or transferred to
heterogeneous enucleated GV cytoplast (hetero-GV-
GV), that is, transferred WGV to Blue rabbit GV-
removed cytoplasm (WGV-BC) or BGV to White rabbit
GV-removed cytoplast (BGV-WC) with a 25-30um
inner diameter injecting pipette (Fig. 1A). The GV-
cytoplast complexes were equilibrated in M199 for
30 min. Later, these complexes were transferred into a
drop of fusion medium (0.3 M mannitol, 0.1 mM CacCls,
and 0.05mM MgSO, in M2 medium) and treated with
three electric pulses (180 V/mm DC for 80 pus) delivered
by a Kefa Electro Cell manipulator (Academia Sinica).
The fusion was examined 30 min later and the fused
oocytes were cultured in M199+10IU/ml PMSG
(M199 + PMSG) for 18—20 hr. After culture, the oocytes
emitting the first polar body (PB1) were regarded as
mature, and subjected to intracytoplasmic sperm
injection (ICSI) with Blue rabbit sperm.

Cytogenetic Analysis
In a preliminary study, the WGV-BC reconstructed
oocytes extruded PB1 were prepared for chromosomal
analysis as previously described (Tarkowski, 1966; Li
et al., 1998). Briefly, oocytes were treated in a hypotonic
solution (0.068 M potassium chloride with 1mg/ml
BSA) for 5min, and swollen oocytes were transferred
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onto a clear slip and fixative I (methanol:acetic acid,
3:1, v/v) was added for 5min. Then fixative II
(methanol: acetic acid, 1:1, v/v) and fixative III
(methanol : acetic acid, 1: 3, v/v) were added for at least
5min and dried in air. Fixed oocytes were stained
with Giemsa to score chromosomes. Of the 27 treated
matured oocytes, 22 had the normal 22 chromosomes
(Fig. 1B).

ICSI and Culture of the Matured Oocytes

Rabbit spermatozoa were collected from the deferent
ducts of a mature male blue Chinchilla rabbit. Sperm-
atozoa were washed in M2 and then suspended for 1 hr
in 1.5ml of M2. Spermatozoa were centrifuged (300g,
5min) and resuspended in M2: 10% polyvinylpyrroli-
done solution (1:1). The cover of a plastic dish
(60 x 60 mm; Falcon Plastics, Oxnard, CA) was used
as a microinjection chamber. Two rows of round
droplets were placed along the center line of the dish,
each row consisting of three 5ul droplets. The first
droplet was the sperm suspension in PVP medium. The
other droplets were M2 medium containing 7.5 pg/ml
CB for oocyte, each droplet with two oocytes. These
droplets were covered with mineral oil (Sigma). The
dish was placed on the stage of a Nikon inverted
microscope with differential interference contrast and
Nikon Narishige micromanipulators. The micromani-
pulation was as described by Li et al. (1999) (Fig. 1C).
Briefly, the injection needle used was of 6—7 um inner
and 8—9 um outer diameter. The polar body was at 6 or
12 O’Clock and the point of injection at 3 O’Clock. An
oocyte was penetrated by the injecting micropipette, a
small amount of cytoplasm was drawn into the
micropipette, and then the cytoplasm together with
the sperm was expelled into the oocyte. Immediately
after ooplasmic injection, the injecting micropipette
was withdrawn quickly, and the oocytes were released
from the holding pipette to reduce the intracytoplasmic
pressure exerted on the oocyte. After injection, all of the
oocytes were transferred to M199 medium and cultured
at 38°C, 5% COy in air and examined every 24 hr.

Embryo Transfer to Foster Recipients
In order to evaluate the ability of oocytes to undergo
postimplantation development, oocytes after hetero-GV
transfer, maturation, and ICSI were directly trans-
ferred into oviducts of the synchronized recipient
rabbits.

Statistical Analysis

Data were analyzed using chi-square test. Significant
difference was determined at P < 0.05.

RESULTS

Maturation of the Auto-GV-GV or
Hetero-GV-GV Reconstructed Oocytes
The results are shown in Table 1. Fusion was
observed in >80% of the auto-GV and hetero-GV comp-
lexes, with no significant difference among them.
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Fig. 1. A. Transfer of a GV-karyoplast (arrow) into a GV-removed
oocyte through the same zona pellucida slit indicated by the GV-
karyoplast (arrow head); B. Chromosomes of matured oocytes (PB1)

Following incubation for 24 hr, the maturation rates
revealed by PB1 emission were 80.4, 78.2, and 80.9% for
W-auto-GV, WGV-BC, and BGV-WC, respectively,
which are not significantly different from that of the
control group (90.2%). The maturation rate of B-auto-
GV reconstructed oocytes (67.6%) was significantly
lower than that of control.

Development of the Reconstructed
Oocytes After ICSI

As the published reports have only focused on
examining the maturation of the reconstructed oocytes

reconstructed by GV transfer; C. ICSI of a reconstructed mature
oocyte with a Chinchilla spermatozoon (arrow indicates the sperm); D.
A blastocyst derived from ICSI of the GV-transferred oocytes.

after germinal vesicle transfer in mouse (Liu et al.,
1999; Takeuchi et al., 1999) and human (Zhang et al.,
1999), we tested the developmental ability of the
matured reconstituted oocytes after ICSI. After ICSI,
high survival rates (68—74.5%) were observed among
the four groups of reconstructed oocytes, which are
comparable to that of the control group (85.1%).
The cleavage rates of the reconstructed oocytes showed
no significant differences with the control group.
More than 7% of the embryos resulting from auto-GV
or hetero-GV reconstructed oocytes developed to blas-
tocyst stage (Fig. 1D), which was not significantly

TABLE 1. Maturation of Rabbit Reconstructed Oocytes After GV Transfer

Types of Number of

reconstructed GV—cytoplast Number of Number of (%)
oocytes Replicates complexes fused (%) emitted PB1
W-auto-GV 6 115 92 (80)* 74 (80.4)*
B-auto-GV 4 43 37 (86.0) 25 (67.6)"
WGV-BC 6 114 101 (88.6)" 79 (78.2)7
BGV-WC 6 79 68 (86.1)* 55 (80.9)*
Control (W oocytes) 6 82 — 74 (90.2)?

Abbreviations: W, white rabbit of Japan Big Ear breed; B, indigo blue rabbit of Chinchilla
breed; GV, germinal vesicle; WGV, germinal vesicle from white strain; BC, cytoplast from
indigo blue strain; BGV, germinal vesicle from indigo blue strain; WC, cytoplast from white

Strain.
2vs. PP < 0.05.



VIABLE RABBITS DERIVED FROM RECONSTRUCTED OOCYTES

183

TABLE 2. In Vitro Development of Matured Reconstructed Oocytes After ICSI

Number of oocytes

Types of oocytes Total survived after Cleavage Blastocyst
matured to MII oocytes ICSI (%) (%) (%)
W-auto-GV 74 53 (71.2)* 31 (58.5)* 5(9.4)"
B-auto-GV 25 17 (68)* 11 (64.7) 1(9.1)2
WGV-BC 79 56 (70.9)* 34 (60.7)* 4 (7.1)*
BGV-WC 55 41 (74.5)* 23 (56.1)* 3 (7.3
Control (W oocytes) 74 63 (85.1)% 42 (66.7)% 12 (19.0)

Abbreviations are the same as in Table 1.

different from that of the control group (19.0%)
(Table 2).

We transferred 93 fertilized oocytes into 6 recipient
rabbits, one of which received 17 embryos and produced
2 young puppies (females) on January 16, 2000 (Fig. 2).
One is black and white, 92.6g in weight, 13cm in
length. The other one, 90.6 g in weight and 13.5cm in
length, is almost white but with several black dots on
the back which were masked by white two weeks later.
The birth weight and length were not significantly
different compared with Japan Big Eared White rabbits
(88—110g in weight, 12—14.6 cm in length) and indigo
blue Chinchilla rabbits (90—-105 g in weight, 11-14 cm
in length).

DISCUSSION

Progression from the incompetent to the competent
state during oocytes growth does not occur abruptly but
includes an intermediate stage during which meiosis
progresses only to metaphase I stage (Fulka et al.,

1998). When metaphase I — arrested mouse oocytes are
fertilized or parthenogenetically activated their chro-
mosomes to decondense, a pronucleus forms and trip-
loid blastocysts develop from fertilized eggs (Eppig
et al.,, 1994). This seems to show that cytoplasmic
rather than nuclear differentiation influences meiotic
progression in oocytes during the penultimate stages of
growth. That the GV plays a role parallel to that of
the cytoplasm in conferring full competence on these
oocytes has been demonstrated by the introduction of
incompetent GV nuclei into cytoplasts prepared from
fully grown mouse immature oocytes (Kono et al.,
1996). Although the reconstructed oocytes by GV
transfer progressed to metaphase II in mouse (Kono
et al., 1999; Liu et al., 1999; Takeuchi et al., 1999), they
were subsequently totally unable to support either
normal sperm decondensation or male pronuclear for-
mation (Kono et al., 1996). When metaphase II plates
from reconstructed oocytes were retransferred to
cytoplasts prepared by the enucleation of normal

Fig. 2. The foster mother and the two offspring. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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metaphase II oocytes then both decondensation and
pronuclear formation occurred in a normal manner,
and produced live mouse offspring (Kono et al., 1996).
These experiments demonstrated that differentiation
events in both the cytoplasmic and nuclear compart-
ments are essential for the acquisition of meiotic com-
petence in mouse oocytes (Fulka et al., 1998). It is,
however, somewhat different in rabbit. In the present
study, the GV of a rabbit oocyte was found to be able to
undergo GVBD and form a structurally normal first
meiotic metaphase following its removal and electro-
fusion into an enucleated cytoplast at the same
developmental stage. The maturation rates of auto- or
hetero-GV transfer oocytes were 67.6—80.9%. After
ICSI, more than 7% of the embryos resulting from auto-
GV or hetero-GV reconstructed oocytes were capable of
developing to the blastocyst stage, with no significant
difference compared to the control group (19.0%). When
93 fertilized oocytes were transferred into six recipient
rabbits, two young offspring were produced, which
represent the first animals produced directly from GV-
transferred reconstructed oocytes.

Chromosome function during oocyte maturation
appears to be linked directly to a spindle assembly
process which becomes increasingly dysfunctional in
older individuals (Battaglia et al., 1996). It has been
shown in the CBA mouse that the pole—pole distance in
the meiotic spindle becomes shorter than normal
during maternal aging (Eichenlaub-Ritter et al.,
1988a,b). Spindles in mouse oocytes also appear to
suffer from considerable chromosome misalignment as
maternal age increases (Eichenlaub-Ritter and Boll,
1989). The possible reason of spindle disorder in oocytes
from older individuals may be due to altered regulatory
factors that produce abnormal spindle components and/
or alter the timing of the phases of meiosis resulting in
microtubule irregularities and unusual chromosome
placement (Battagalia et al., 1996). In mouse (Mattson
and Albertini, 1990; Messinger and Albertini, 1991)
and rat oocytes (Albertini, 1992), numerous micro-
tubule organizing centers, the centrosomes, were found
adjacent to the germinal vesicle. They appear to be
recruited for spindle assembly as the transition from
prophase to metaphase begins.

In humans, it has been shown that abnormal oocyte
spindle morphology is associated with female inferti-
lity, and advanced maternal age has been attributed to
spindle abnormalities which are probably caused by
improper function of regulating mechanisms for spindle
assembly in the ooplasm (Battaglia et al., 1996; Kono
et al., 1996; Levron et al., 1996; Angell, 1997). Cyto-
plasmic factors may be the major reason for these
reproduction failures. Cytoplasmic factors initiate and
organize the construction of the meiotic spindle during
final maturation and after sperm penetration. This
problem can be overcome in two possible ways: ooplasm
transfer and germinal vesicle transfer. In order to
restore normal growth and viability in developmentally
comprised embryos judged to be ooplasmic deficiency,
Cohen et al. (1997, 1998) transfered ooplasm from

donor eggs at MII into synchronous patient eggs by
electrofusion of an anuclear donor fragment into each
patient egg, or direct injection of a small amount of
ooplasm from a donor egg into each patient egg. Normal
fertilization was significantly higher after injection of
ooplasm (63%) in comparison with fusion (23%). Pro-
nuclear anomalies appeared to be enhanced after fusion
with ooplasts. Embryo morphology was not improved
with electrofusion and patients did not become preg-
nant. An improvement in embryo morphology was
noted in two patients after injection of ooplasm and
both become pregnant, one baby was born. These res-
ults showed that ooplasmic transfer at the MII stage
may be promising in patients with compromised
embryos. Using micromanipulation techniques in
monkeys, Flood et al. (1990) removed ooplasm from
MII oocytes and injected it into prophase I oocytes.
After nuclear maturation, oocytes were transferred to
the fallopian tube for fertilization. After ooplasmic
transfusion, prophase I oocytes showed in a delivery
rate of 13%. In contrast, when mouse GV nuclei were
transferred and electrofused into enucleated MII
oocytes or zygotes only a few reconstructed oocytes
underwent GVBD, none reached the MII stage (Liu
et al., 1999; Takeuchi et al., 1999).

The GV transfer method presented here is another
possible way to overcome ooplasmic deficiency. Pre-
vious and the present studies have shown that the
reconstructed oocytes by GV transfer could mature to
MII stage and the matured oocytes had normal chromo-
somal constitution (mouse: Liu et al., 1999; Takeuchi
et al., 1999; human: Zhang et al., 1999; rabbit: present
paper). Transplantation of germinal vesicle nuclei of
women at risk of transmitting mitochondrial disease
into normal ooplasts of enucleated recipient cells
should provide a unique opportunity, since it may
discontinue any transmission of these genetic diseases
in affected families (Cohen et al., 1998). Germinal
vesicle transfer enables nearly complete cytoplasm
exchange between oocytes, and avoids the risk of
transmitting potentially harmful factors into the host
ooplasm.

After transferring 93 fertilized oocytes into six
recipients only two rabbits were produced. The rate of
birth was very low. The possible explanation is that this
is due to some mechanical trauma resulting from the
micromanipulation. Although care was taken to avoid
damage to germinal vesicle or the first polar body
during GV removal and transfer or ICSI, respectively,
some damages were unavoidable. Results of in vitro
development (Table 2) showed that only 7.1 and 7.3%
of the WGV-BC and BGV-WC reconstructed oocytes
developed to blastocyst stage, respectively, after ICSI.

In conclusion, GV transfer oocytes can be fertilized
normally and develop to term. This research has
provided a model that may be useful in analyzing
the relationship between nucleus and cytoplasm in
oocytes, and also may have potential application to
human assisted reproduction. However, evaluation of
ooplasmic anomalies and optimization of techniques
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will require further investigation prior to clinical
application.
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