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ABSTRACT A series of experiments were designed to evaluate the meiotic competence of mouse
oocyte germinal vesicle (GV) in rabbit ooplasm. In experiment 1, an isolated mouse GV was trans-
ferred into rabbit GV-stage cytoplast by electrofusion. It was shown that 71.8% and 63.3% of the
reconstructed oocytes completed the first meiosis as indicated by the first polar body (PB1) emis-
sion when cultured in M199 and M199 + PMSG, respectively. Chromosomal analysis showed that
75% of matured oocytes contained the normal 20 mouse chromosomes. When mouse spermatozoa
were microinjected into the cytoplasm of oocytes matured in M199 + PMSG and M199, as many as
59.4% and 48% finished the second meiosis as revealed by the second polar body (PB2) emission
and a few fertilized eggs developed to the eight-cell stage. In experiment 2, a mouse GV was
transferred into rabbit MII-stage cytoplast. Only 13.0–14.3% of the reconstructed oocytes under-
went germinal vesicle breakdown (GVBD) and none proceeded past the MI stage. When two mouse
GVs were transferred into an enucleated rabbit oocyte, only 8.7% went through GVBD. In experi-
ment 3, a whole zona-free mouse GV oocyte was fused with a rabbit MII cytoplast. The GVBD
rates were increased to 51.2% and 49.4% when cultured in M199 + PMSG and M199, respectively,
but none reached the MII stage. In experiment 4, a mouse GV was transferred into a partial
cytoplasm-removed rabbit MII oocyte in which the second meiotic apparatus was still present.
GVBD occurred in nearly all the reconstructed oocytes when one or two GVs were transferred and
two or three metaphase plates were observed in ooplasm after culturing in M199 + PMSG for 8 hr.
These data suggest that cytoplasmic factors regulating the progression of the first and the second
meioses are not species-specific in mammalian oocytes and that these factors are located in the
meiotic apparatus and/or its surrounding cytoplasm at MII stage. J. Exp. Zool. 289:322–329, 2001.
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Mammalian oocytes are arrested at the diplo-
tene stage of the first meiotic division. It is gen-
erally accepted that maturation promoting factor
(MPF) plays an important role in the G2/M tran-
sition (Taieb et al., ’97). This is well demonstrated
by cytoplasm transfer experiments. When a small
amount of cytoplasm is removed from a maturing
amphibian oocyte and injected into an immature
amphibian oocyte, its maturation is attained even
in the presence of the protein synthesis inhibi-
tor—cycloheximide (CX) (Wassermann and Masui,
’75). This phenomenon occurs by means of auto-
catalytic amplification, in which active MPF in-
troduced by microinjection triggers the activation

of inactive MPF (pre-MPF). In pig, when a zona-
free MII oocyte is fused with a freshly isolated
zona-free GV oocyte, GVBD is greatly accelerated
and two metaphase plates are clearly visible in
each mega-oocyte (Mattioli et al., ’91). This phe-
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nomenon is also observed in bovine oocytes (Tate-
moto and Horiuchi, ’95).

Recently, studies have shown that GVBD oc-
curred and a normal first polar body was emitted
when a GV was removed from one oocyte and
transferred by electrofusion into the enucleated
cytoplasm of another GV-stage oocyte in the mouse
(Liu et al., ’99; Takeuchi et al., ’99) and human
(Zhang et al., ’99). This approach provides a use-
ful tool for studying nucleus–cytoplasm interac-
tions. This article describes experimental designs
that have made it possible to study interspecific
nucleus–cytoplasm interactions by transferring a
GV from one kind of animal to the ooplasm of an-
other kind. Because both mouse and rabbit oocyte
GVs are easy to remove due to the transparency
of their cytoplasm and because rabbit oocytes are
resistant to micromanipulation, we transferred
mouse oocyte GVs into rabbit ooplasm in order to
observe the influence of rabbit ooplasmic factors
on the behavior of the mouse oocyte nucleus.

MATERIALS AND METHODS
Animals

ICR mice were housed in a temperature- and
light-controlled room on a 14 hr light: 10 hr dark
photoperiod. Six- to eight-week-old females were
used as germinal vesicle donors and 8–12-week-
old males were used as sperm supply. Six- to
twelve-month-old female Japanese Big Ear rab-
bits were used for collecting the germinal vesicle
(GV) and MII-stage oocytes. The animals used in
these experiments were purchased from the In-
stitute of Laboratory Animal Science, Chinese
Academy of Medical Science.

Collection of oocytes
Mouse

Female mice were injected intraperitoneally
with 10 IU pregnant mare serum gonadotropin
(PMSG). Immature GV-stage oocytes were col-
lected by puncturing the ovarian follicles at 40–
44 hr post-injection.

Rabbit
Female rabbits were injected intraperitoneally

with 120–150 IU PMSG and killed 72 hr after
injection. Ovaries were excised and punctured to
collect the GV-stage oocytes. The other group was
injected with 80–100 IU hCG (Institute of Zool-
ogy, Academia Sinica) at 72 hr following PMSG
priming and killed 15–16 hr later to collect MII-
stage oocytes.

Cumulus cells of all oocytes were removed by
exposure to M2 medium containing 500 IU/ml hy-
aluronidase (Sigma). The GV-stage oocytes were
cultured in M199 medium (Sigma) supplemented
with 10% fetal calf serum (FCS, Sigma) and 20
µg/ml 3-isobutyl-1-methylxanthine (IBMX, Sigma)
for 2 hr to prevent spontaneous GVBD and to de-
velop a perivitelline space.

Preparation of mouse GV-karyoplasts
GV-stage oocytes were cultured in 50 µl M2 me-

dium droplets with 10% FCS, 7.5 µg/ml cytocha-
lasin B, and 20 µg/ml IBMX for 30 min at room
temperature before GV aspiration. GV removal fol-
lowed the methods described by Takeuchi et al.
(’99) and Liu et al. (’99). Briefly, the zona pellu-
cida was penetrated by pressing a glass micro-
needle tangentially into the perivitelline space
against the holding pipette, and the GV sur-
rounded by a small amount of cytoplasm (GV
karyoplast) was removed with a pipette of an in-
ner diameter of 15 µm. The diameter of the GV
karyoplast was about 15–20 µm. In experiment
2, a whole mouse zona-free GV-oocyte, which was
obtained via removal of zona pellucida digested
in M199 medium containing 0.3% pronase for 3–
4 min, was used as a GV donor. Zona-free intact
GV oocytes, 80–90 µm in diameter, were main-
tained in IBMX-containing medium until injection.

Removal of nucleus from rabbit oocyte
The rabbit GV enucleation was achieved by

increasing the pressure inside a holding pipette
to repel a GV karyoplast through a slit made
in the zona as described by Meng et al. (’96).
Enucleation of MII rabbit oocytes was carried
out as described by Chen et al. (’99). The enucle-
ated eggs were stained with 10 µg/ml Hoechst
33342 (Sigma Co.) for 8–10 sec and examined
under a fluorescent microscope. Eggs from
which all the chromosomes were removed were
used for GV transfer.

GV transfer and electrofusion
The mouse GV karyoplast was microinjected

into the perivitelline space of a rabbit oocyte with
a pipette of 25 µm inner diameter (Fig. 1A,B). The
reconstructed oocytes were equilibrated in M199
+ 10% FCS medium for 30 min and then trans-
ferred into a drop of fusion medium (0.3 M man-
nitol, 0.1 mM CaCl2 and 0.05 mM MgSO4 in M2
medium). Electrofusion was stimulated with three
electrical pulses (180 V/mm DC for 80 µs) deliv-
ered by a Kefa Electro Cell manipulator (Aca-
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demia Sinica). The fusion was examined 30 min
later (Fig. 1D).

ICSI Experimental design
Experiment 1

Mouse GVs were transferred into GV-removed
rabbit oocytes. The reconstructed oocytes were
randomly cultured in M199 or M199 + PMSG for
24 hr. Cumulus-free rabbit GV oocytes were cul-
tured for 24 hr; oocytes with the first PB were
used for ICSI with rabbit sperm as control.

Experiment 2
One or two mouse GV-karyoplast (s) was (were)

fused with enucleated rabbit MII oocytes, and cul-
tured in M199 + PMSG for up to 24 hr.

Experiment 3
An intact zona-free mouse GV-stage oocyte was

fused with an enucleated rabbit MII oocyte and
cultured for 24 hr.

Experiment 4
One or two mouse GVs was (were) transferred

into a partial cytoplasm-removed rabbit MII oo-
cytes (Fig. 1C), and then cultured in M199 +
PMSG for 8 hr to observe GVBD.

Evaluation of maturation of the
reconstructed oocytes

After incubation, the oocytes were mounted on
glass slides, fixed for 48 hr in methanol:acetic acid
(3:1), stained with 1% orcein in 45% acetic acid
for 3–5 min, and examined under a phase-con-
trast microscope. The stages of the nuclear pro-
gression were classified as (1) GV, (2) GVBD as
defined by the absence of visible nuclear mem-
brane, (3) metaphase I, and (4) metaphase II
(Hunter and Polge, ’66).

Cytogenetic analysis
Oocytes that had extruded the first polar body

(PB1) were prepared for chromosomal analysis as
previously described (Tarkowski, ’66). Briefly, oo-
cytes were treated in 1% hypotonic trisodium cit-
rate solution for 10 min. The swollen ones were
transferred individually onto a clean glass slide
and fixed by serial fixation: fixative I (methanol:
acetic acid, 3:1) for 2 min, fixative II (methanol:
acetic acid, 1:1) for 1 min and finally fixative III
(methanol:acetic acid, 1:3 ). Fixed oocytes were
then stained with 5% Giemsa for chromosome
counting (Li et al., ’98).

Intracytoplasmic sperm injection (ICSI) and
in vitro culture of the injected oocytes

Oocytes with extruded PB1 were used for ICSI
with mouse sperm (Fig. 1G) that were collected
from epididymis or vas deferens duct, and treated
as described by Li et al. (’99). Briefly, a single sper-
matozoon was immobilized by striking the tail
with the pipette and aspirated tail first into the
tip of the injection pipette. Oocytes were hold on
the holding pipette, with the polar body at the 6-
or 12-o’-clock position. The microinjection pipette
was pushed through the zona pellucida and into
the cytoplasm of the oocyte at the 3-o’-clock posi-
tion. The spermatozoon was deposited with a mini-
mum amount of 10% PVP-containing medium.
Following this, the injection pipette was with-
drawn and the oocyte was released. After ICSI,
the oocytes were cultured in RD (RPMI 1640:M199
= 1:1) medium (Li et al., ’93) with 10% FCS at
37.5°C, 5% CO2.

Statistical analysis
Data were analyzed by using the χ2 test. Sig-

nificant difference was determined at P < 0.05.

RESULTS
Rabbit GV-stage ooplasm supports the first
and the second meioses of mouse oocyte GV
Oocytes were reconstructed by fusing mouse

GV-stage karyoplasts with rabbit GV-stage cyto-
plasts. Of the 165 reconstructed karyoplast-
cytoplast pairs, 131 (79.4%) were fused. The
maturation rates as revealed by the PB1 emis-
sion were 71.8% and 63.3% 24 hr after culture in
M199 + PMSG and M199, respectively. This was
not significantly different from that of the con-
trol mouse oocytes (69.5–75%), but lower than
that of control rabbit oocytes cultured in M199 +
PMSG (92.7%) (Table 1).

A total of 16 reconstructed mature oocytes were
fixed for cytogenetic study. Of the 12 well-spread
samples, 9 had 20 chromosomes, 2 had 19 chro-
mosomes, and 1 had 17 chromosomes. Most of
those oocytes that failed to extrude PB1 had biva-
lent chromosomes (Fig.1-E).

After ICSI, 59.4% (19/32) and 48% (12/25) of the
oocytes matured in M199 + PMSG and M199, re-
spectively, emitted the second polar body. Further-
more, 12.5% (4/32) and 6.3% (2/32) of the oocytes
matured in M199 + PMSG developed to two-cell
and eight-cell stage, respectively (Table 2; Fig. 1-H,
I). The oocytes matured in M199, however, failed to
cleave after ICSI. The results above show that cy-
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Fig. 1. Transfer of one (A, B) or two (C) mouse GVs into
the perivitelline space of an enucleated (A, B) or a part-cyto-
plasm-removed but nucleus present (C) oocyte (arrow shows
the mouse GV); fusion of mouse GVs into rabbit cytoplasm
(D); chromosome spreads of an oocytes reconstructed by fus-
ing a mouse GV with a rabbit GV-stage cytoplast after matu-
ration culture (without PB1 emission), showing 20 bivalent
chromosome (E); vacuoles present in the GVBD oocyte re-

constructed fusing a mouse GV with an enucleated rabbit
MII oocyte (F); ICSI of a mature GV-GV reconstructed oocyte
(G), arrow points at the sperm and arrowhead points at the
first polar body; 2-cell (H) and 8-cell (I) stage embryos ob-
tained by ICSI; two spindles in a mature oocyte reconstructed
by fusing a mouse GV with a part-cytoplasm-removed rabbit
oocyte (J), arrows pointing at the spindles.
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toplasmic factors in rabbit GV-stage ooplasm sup-
port the mouse oocyte GV to undergo two meioses.

Rabbit MII-stage cytoplast fails to induce
mouse GV to resume meiosis

Because MPF is thought to play an important
role in inducing GVBD and because MPF reaches
the peak level in MII oocytes, we expected that
rabbit MII cytoplast would induce the mouse GV
to break down. Unexpectedly, when a mouse GV-
karyoplast was fused with an enucleated rabbit
MII oocyte, only 14.3% and 13.0% of the recon-
structed oocytes underwent GVBD 24 hr after cul-
ture in M199 + PMSG and M199, respectively. No
oocytes reached the MI stage. When two GVs were
transferred into an enucleated rabbit MII oocyte,
only 8.7% underwent GVBD and only one GV
broke down in some of the oocytes. Meiosis re-
sumption of the reconstructed oocyte was im-
proved by fusing an intact mouse GV oocyte with
a MII rabbit cytoplast. When the whole mouse
zona-free GV oocytes were fused with MII rabbit
cytoplasts, 51.2% and 49.4% went through GVBD
after culturing in M199 + PMSG and M199, re-

spectively. Part of the oocytes (24.4% in M199 +
PMSG and 10.0% in M199) could develop but ar-
rested at the MI stage (Table 3). No PB1 emis-
sion was observed. Nearly half of the GVBD
oocytes contained many (3 to 15) vacuoles in the
center of the cell (Fig. 1F).

The existence of meiotic apparatus in rabbit
MII ooplasm is important for inducing

mouse GVBD
Since MII rabbit cytoplasts did not support mouse

GV breakdown, an experiment was designed to
evaluate whether the MII apparatus and/ or its sur-
rounding cytoplasmic elements were required for
GVBD. One or two GVs were transferred into a par-
tial cytoplasm-removed, nucleus-present rabbit oo-
cyte. GVBD occurred in all the reconstructed oocytes
except for those degenerated 8 hr after culture in
M199 + PMSG (Table 4). Two (Fig. 1J) or three
metaphase plates were observed in these oocytes.

DISCUSSION
GV transfer is an invaluable tool for studying

nucleus–cytoplasm interactions during meiosis.

TABLE 1. Maturation of oocytes reconstructed by fusing mouse GV-stage karyoplasts with rabbit GV-stage cytoplasts

Maturation
Groups Culture media No. oocytes cultured PB1(%)    MI GV

Reconstructed oocytes M199+PMSG 71 51(71.8)** 3 17
M199 60 38(63.3)** 6 16

Control (mouse M199+PMSG 56 42(75) 10 4
GV-oocytes) M199 42 29(69.1)** 6 7

Control (rabbit M199+PMSG 41 38(92.7)* 1 2
GV-oocytes) M199 38 26(68.4)** 8 4

Reconstructed oocytes and control oocytes were cultured for 24 hr and nuclear progression was evaluated by orcein staining as described in
Materials and Methods.
*,**Different superscripts indicate values significantly different (P < 0.05).

TABLE 2. Development of reconstructed mature oocytes after ICSI with mouse sperm

No. oocytes Oocytes
Culture survived extruded Development after culture (%)

Groups media ICSI PB2 (%) 8-cell 2-cell 2PB+1PN 2PB+2PN 2PB+0PN

Reconstructed M199 32/40 19 2 4 6 5 2
oocytes +PMSG (47.5) (10.5) (21.1) (31.6) (26.3) (10.5)

M199 25/33 12 0 0 3 5 4
(36.3) (25) (41.7) (33.3)

Control (rabbit M199 33/36 26 12 7 3 3 1
GV-oocytes) +PMSG (72.2) (46.1) (26.9) (11.5) (11.5) (3.8)

M199 23/24 17 10 5 1 0 1
(70.8) (58.8) (29.4) (5.9) (5.9)

Oocytes reconstructed by fusing mouse GVs and rabbit GV-stage cytoplasts were matured in vitro and then fertilized with mouse
sperm by ICSI.
Control rabbit GV stage oocytes were matured in vitro and then fertilized with rabbit sperm by ICSI.
Fertilization and embryo cleavage were evaluated with a phase contrast microscope.
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We report here that oocytes reconstructed by
transferring mouse GVs into rabbit GV-stage
cytoplasts can mature to MII stage and can fur-
ther cleave and develop to eight-cell stage after
ICSI. The maturation rate was not significantly
different with that of control mouse oocytes or con-
trol rabbit oocytes cultured in M199 as shown in
Table 1. The addition of PMSG to the maturation
medium did not increase the maturation rate,
while it improved early cleavage after fertiliza-
tion. These results indicate that rabbit GV-stage
ooplasm can support the first and the second mei-
oses of mouse oocyte GV. Thus, we conclude that
cytoplasmic factors that regulate oocyte meiotic
cell cycle progression are not species-specific in
mammals.

After ICSI of the reconstructed mature oocytes,
development occurred to eight-cell stage (6.3%),
but not beyond this stage. This finding is similar
to the results of inter-species fertilization. Li et
al. (’99) reported that the hybrid embryos made
by rabbit oocytes and mouse spermatozoa devel-
oped to, but not beyond, the eight-cell stage.

Many studies have identified cytoplasmic fac-
tors such as MPF that are responsible for induc-

TABLE 3. Maturation of oocytes reconstructed by fusing mouse GV or intact GV oocytes with enucleated rabbit MII oocytes

No.
Culture  Types of CVs oocytes Oocytes     Maturation in vitro (%)
media    transferred used fused (%) MI Pre-MI GV Degenerated

M199+ Intact GV-oocyte 45 41(91.1) 10(24.4) 11(26.8) 16(39.0)** 4
PMSG

GV-karyoplast 30 21(70) 0 3(14.3) 18(85.7)* 0
Intact GV-oocyte 110 85(77.2) 9(10.6) 33(38.8) 39(45.9)** 4

M199
GV-karypolast 69 54(78.3) 0 7(13.0) 42(77.8)* 5

Oocytes reconstructed by fusing mouse GVs or intact mouse GV oocytes with enucleated rabbit MII oocytes were cultured in vitro.
Nuclear meiotic progression was evaluated by orcein staining 24 hr after culture.
The same column *:**, P < 0.05.

TABLE 4. Maturation of oocytes reconstructed by fusing 1 or 2 mouse GVs with partial cytoplasm-removed
or enucleated rabbit MII oocytes

No. of GV-
karyoplasts Oocytes successfully Oocytes Maturation (%)

Recipients transferred manipulated fused (%) GVBD GV Degenerated

Part-cytoplasm 1 46 39 (87.8) 35 (89.7)* 0 4
-removed MII

oocytes 2 30 23 (76.6) 22 (95.7)* 0 1
Enculeated MII 1 39 31 (79.5) 4 (12.9)** 22 (71.0) 5

oocytes
2 33 23 (69.7) 2 (8.7)** 19 (82.6)a 2

One or two mouse GBs were transferred into a part-cytoplasm-removed or an enucleated rabbit MII oocyte. GVBD was evaluated 8 hr after
in vitro culture.
aIn 6 reconstructed oocytes, one GV underwent GVBD, the other one did not.
*,**, P < 0.05.

ing nuclear envelope breakdown and chromosome
condensation. In both MI and MII metaphase ar-
rests, the MPF activity is maintained at very high
levels. MPF activity appears shortly before GVBD,
maintains a high level during MI, decreases prior
to extrusion of PB1, and rises again throughout
the MII stage (Sagata, ’96, Takeuchi et al., ’99).

Interestingly, when a mouse GV was transferred
into a rabbit MII cytoplast, the reconstructed oo-
cyte did not resume meiosis. When the recon-
structed oocytes comprised of one or two mouse
GV-karyoplasts and an enucleated rabbit cytoplast
were cultured for 24 hr, only 12.7% and 8.6% un-
derwent GVBD, respectively. Even when a whole
mouse GV was fused with a rabbit MII cytoplast,
none developed to the MII stage. The same phe-
nomenon was recently also reported by others in
mouse intra-species GV transfer (Liu et al., ’99;
Takeuchi et al., ’99). We propose that rabbit MII-
stage ooplasm contains does not contain the nec-
essary factors that are required for inducing the
transferred mouse GV to break down. In Experi-
ment 3, about 50 present reconstructed oocyte oc-
curred GVBD when mouse intact zona-free oocytes
fused with enucleated rabbit oocytes. It may ex-
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plained fewer MPF and other factors in mouse
GV oocytes induced the GVBD in reconstructed
oocytes.

The failure of MII cytoplast to induce GVBD is
not because the cytoplasm was partially removed
during enucleation. When one or two GVs were
transferred into a partial cytoplasm-removed rab-
bit MII oocyte in which the MII meiotic appara-
tus still existed, almost all of the reconstructed
oocytes underwent GVBD, and two or three
metaphase plates were observed in these fused
oocytes (Fig 1J). Related intra-species work has
been reported previously. Tatemoto and Horiuchi
(’95) reported that when one mature oocyte was
fused with one GV oocyte in bovine, all the fused
oocytes underwent GVBD after culture for 3 hr
and 67% of the fused oocytes had two metaphase
plates. The same phenomenon was also observed
in pig by Mattioli et al. (’91). The authors showed
that most of the fused oocytes composed of one
MII oocyte and one to three immature GV oocytes
went through GVBD after culture for 1 hr. Fur-
thermore, meiotic incompetent small mouse oo-
cytes could be induced to mature when fused with
meiotic or mitotic cells (Balakier, ’78). The induc-
tion of meiotic resumption is triggered by active
MPF in MII oocytes (Gerhart et al., ’84; Hashimoto
and Kishimoto, ’88). These reports all indicate that
active MPF is present in the MII oocytes and
causes resumption of meiotic division of the trans-
ferred GV. In Experiment 4, GVBD occurred in
all the reconstructed oocytes when one or two
mouse GVs were transferred into partial cyto-
plasm-removed rabbit MII oocytes. Maybe the
asynchronouse cytoplasm between GV ooplasm
and MII cytoplasm was responsible for the lack
of further development after GVBD. Huchon et
al. (’93) indicated that MI and MII spindle are
not regulated by the same effects.

Our results suggest that the MPF function of
inducing meiotic resumption is not species-specific.
We also suggest that the presence of MII appara-
tus and/or its surrounding cytoplasmic elements
play a critical role in the meiotic resumption of
the transferred GV. A plausible explanation for
the failure of rabbit MII cytoplast to induce the
mouse GV to undertake GVBD is that MPF is
preferentially bound to the meiotic apparatus and
enucleation removes active MPF from the MII oo-
cytes. Kubiak et al. (’93) showed that MPF activ-
ity is preferentially associated with the spindle.

In conclusion, oocytes reconstructed by fusing
mouse GV karyoplasts with rabbit GV-stage
cytoplasts can mature to MII stage, and can cleave

to eight-cell stage after ICSI with mouse sperm.
Enucleated rabbit MII cytoplasm does not sup-
port the transferred mouse GV to undergo GVBD,
while the existence of MII apparatus enables the
fused mouse GV to resume meiosis.
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