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Abstract

The present study was designed to investigate the localization and function of cytoplasmic dynein (dynein) during mouse oocyte

meiosis and its relationship with two major spindle checkpoint proteins, mitotic arrest-deficient (Mad) 1 and Mad2. Oocytes at

various stages during the first meiosis were fixed and immunostained for dynein, Mad1, Mad2, kinetochores, microtubules, and

chromosomes. Some oocytes were treated with nocodazole before examination. Anti-dynein antibody was injected into the

oocytes at germinal vesicle (GV) stage before the examination of its effects on meiotic progression or Mad1 and Mad2

localization. Results showed that dynein was present in the oocytes at various stages fromGV to metaphase II and the locations of

Mad1 and Mad2 were associated with dynein’s movement. Both Mad1 and Mad2 had two existing states: one existed in the

cytoplasm (cytoplasmic Mad1 or cytoplasmic Mad2), which did not bind to kinetochores, while the other bound to kinetochores

(kinetochore Mad1 or kinetochoreMad2). The equilibrium between the two states varied during meiosis and/or in response to the

changes of the connection between microtubules and kinetochores. Cytoplasmic Mad1 and Mad2 recruited to chromosomes

when the connection between microtubules and chromosomes was destroyed. Inhibition of dynein interferes with cytoplasmic

Mad1 and Mad2 transportation from chromosomes to spindle poles, thus inhibits checkpoint silence and delays anaphase onset.

These results indicate that dynein may play a role in spindle checkpoint inactivation.
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Introduction

In mitotic cells, accurate chromosome segregation is
ensured by the intrinsic feature of mitotic apparatus and
the efficient regularity of spindle checkpoint system
(Maney et al. 1999). The spindle checkpoint system is a
highly conservative signal pathway and controls the
anaphase onset with spindle integrity and corrects
chromosome orientation in the spindle (Maney et al.
1999, Hoyt 2001, Wang & Sun 2006). Any abnormality
on the attachment between kinetochores and kineto-
chore-associated microtubules can activate the check-
point, which in turn inhibits the anaphase-promoting
complex and keeps cell arrest at the metaphase stage
(Maney et al. 1999). The key interaction between
chromosomes and microtubules is kinetochores.
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Kinetochores possess at least three functions: attaching
chromosomes to the mitotic spindle, controlling
chromosome movement, and maintaining the mitotic
spindle checkpoint (Maney et al. 1999). If kinetochores
on unattached chromosomes were destroyed, the cell
could overcome the metaphase arrest and progress into
the anaphase (Rieder & Salmon 1998). Unattached
kinetochores serve as special sites and microenvironment
for the organization of checkpoint proteins and then
produce ‘anaphase-waiting’ signal (Rieder & Salmon
1998, Maney et al. 1999). Many proteins, including
mitotic arrest-deficient protein (Mad) 1, Mad2, Mad3,
budding uninhibited by benzimidazole (Bub) 1, Bub2,
Bub3 and others, participate in checkpoint pathway
(Hoyt et al. 1991, Li & Murray 1991, Roberts et al. 1994,
Weiss & Winey 1996, Shannon et al. 2002, Tsurumi et al.
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2004, Vigneron et al. 2004). Although checkpoint
pathway in mitosis has been widely studied, the exact
signal transduction is far more complicated and not
well understood.

Recent studies conducted by us and other researchers
have revealed that some mitotic spindle checkpoint
proteins, such as Mad2 (Kallio et al. 2000, Shannon et al.
2002, Wassmann et al. 2003, Zhang et al. 2004, Homer
et al. 2005, Ma et al. 2005), Mad1 (Zhang et al. 2005)
and Bub1 (Shannon et al. 2002, Brunet et al. 2003,) were
also found to function in meiosis. These studies indicate
that Mad2 and, possibly, Mad1 participate in meiotic
spindle checkpoint. We also found that checkpoint
proteins are transported between cytoplasm and kine-
tochores in the oocytes depending on cell cycle stages
and microtubule connection to chromosomes (Zhang
et al. 2004, 2005). For example, both Mad1 and Mad2
mainly bind to kinetochores in the oocytes at pro-
metaphase in which meiotic spindle has not formed and
chromosomes have not aligned at the spindle. However,
when the oocytes reach metaphase and all chromo-
somes have aligned at the spindle equator, both Mad1
and Mad2 are depleted from kinetochores and move to
the spindle poles. If the microtubule-disassembly drug,
nocodazole, is used to disassemble the metaphase
spindle, both Mad1 and Mad2 move back to the
chromosomes and re-bind to kinetochores (Zhang et al.
2004, 2005). Through this checkpoint pathway,
checkpoint proteins control the anaphase onset. These
results also indicate that there are some motor protein(s)
in the oocytes that is responsible for transporting
the checkpoint proteins between the kinetochores and
the cytoplasm.

Cytoplasmic dynein (or dynein), a minus-end-directed
microtubule motor, has been found to participate in
microtubule attachment and other cellular and develop-
mental processes, including transportation of some
organelles and proteins (Pfarr et al. 1990, Escheverri
et al. 1996, King et al. 2000, Howell et al. 2001, Sun &
Schatten 2006). It has been reported that prometaphase
kinetochores had more dynein signals than metaphase
kinetochores in mitotic cells, and dynein was recruited
to metaphase kinetochores after depolymerization of
microtubules (Pfarr et al. 1990, Escheverri et al. 1996).
Dynein is also very sensitive to the attachment of
microtubules to kinetochores, once the attachment starts
in the early stage during mitosis, most of the dynein
detach from kinetochores (King et al. 2000). In
Drosophila, inhibition of the expression of ZW10 or
ROD, which were in charge of dynein localization to
kinetochores (Starr et al. 1998, Scaerou et al. 1999)
caused the significant decrease in chromosome pole-
ward movement, indicating that dynein at the kineto-
chores was involved in chromosome movement (Savoian
et al. 2000, Sharp et al. 2000). Inhibition (Vaisberg et al.
1993) or overexpression of dynein (Echeverri et al. 1996)
inhibited the spindle assembly, indicating that dynein
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also has function in mitotic spindle assembly. Dynein
also participates in mitotic spindle checkpoint (Howell
et al. 2001). For example, in Ptkl cells, microinjection of
anti-dynein antibody prevented Mad2, Bub1, centro-
mere protein E (CENP-E), and 3F3/2 phosphoantigen
from transporting to the spindle poles, prevented Mad2
detachment from the kinetochores, decreased kineto-
chore tension, and caused a mitotic block at metaphase.
Therefore, dynein might deactivate spindle checkpoint
after all chromosomes have bioriented at the metaphase
plate (Howell et al. 2001). Putting together, it would
appear that dynein plays an important role(s) not only in
chromosome movement (Starr et al. 1998, Scaerou et al.
1999, Savoian et al. 2000, Sharp et al. 2000) and spindle
assembly (Vaisberg et al. 1993, Echeverri et al. 1996,
Gaglio et al. 1996, 1997), but also in mitotic spindle
checkpoint (Howell et al. 2001).

It has been suggested that in mitosis, both Mad1 and
Mad2 lie in the same checkpoint pathway that controls
anaphase onset (Chen et al. 1999). Recent studies by us
and others showed that Mad1 and Mad2 are two
important checkpoint proteins during mammalian
meiosis (Kallio et al. 2000, Wassmann et al. 2003,
Zhang et al. 2004, 2005, Homer et al. 2005, Ma et al.
2005) and they check the attachment of microtubules to
kinetochores by relocating their positions between
spindle poles and kinetochores. However, what is
responsible for the transportation (relocation) of the
checkpoint proteins is still unknown. As dynein is one of
the motor proteins in the cells, we hypothesize that
dynein might participate in transportation of checkpoint
proteins in oocyte meiosis. Therefore, in the present
study, experiments were designed to examine 1) the
presence and localization of dynein in oocytes during
meiosis and their relationship with the transportation
(relocation) of Mad1 and Mad2 and 2) the effects of
dynein inhibition on the checkpoint signal transduction.
Materials and Methods

Oocyte collection and culture

Animal care and handling were conducted in accord-
ance with policies on the care and use of animals
promulgated by the Ethical Committee of the Institute of
Zoology, Chinese Academy of Sciences. The mice with
color gene type of aabbcc were from an inbred strain of
Kunming white mice, a native breed widely used in
biological researches in China. Prophase stage oocytes,
also called immature oocytes at the germinal vesicle
(GV) stage, were collected from ovaries of 4- to 6-week-
old female Kunming mice at 48 h after equine chorionic
gonadotropin (eCG) injection. Cumulus-free or cumu-
lus-surrounded GV oocytes were collected by punctur-
ing the large antral follicles with a needle in M2 medium
(Sigma) supplemented with 60 mg/ml penicillin and
50 mg/ml streptomycin. The cumulus cell masses
www.reproduction-online.org



Dynein in mouse oocyte meiotic checkpoint 687
surrounding the oocytes were removed by treatment
with 300 IU/ml hyaluronidase (Sigma) and repeated
pipetting. Then the cumulus-free oocytes were cultured
in M2 medium at 37 8C in a humidified atmosphere of
5% CO2 in air until treatment and examination.
Nocodazole treatment of oocytes

For nocodazole treatment, 10 mg/ml nocodazole in
DMSO stock (Sigma) was diluted in M2 medium to
give a final concentration of 20 mg/ml and oocytes were
incubated for 10 min, which would destroy micro-
tubules completely (Zhang et al. 2004, 2005). After
treatment, oocytes were washed thoroughly and fixed for
immunofluorescence staining. In the control, oocytes
were also treated in the medium with the same
concentration of DMSO before examination.
Immunofluorescence staining of Mad1, Mad2, dynein,
microtubules, and kinetochores

Rabbit anti-XMad1 antibody (0.5 mg/ml) in 0.1% BSA/
PHEM (60 mM Pipes, 25 mM Hepes at pH 7.2, 10 mM
EGTA, 8 mM MgSO4) prepared against bacterially
expressed Xenopus Mad1 was a kind gift from Dr R H
Chen (Chen et al. 1998, 1999). Rabbit anti-Mad2 antibody
(0.5 mg/ml in 0.1% BSA/PHEM, pH 7.2) prepared against
a recombinant full-length human Mad2 protein was
bought from BabCO (Berkeley Antibody Company,
Berkeley, CA, USA). Mouse anti-dynein (intermediate
chain) antibody (IgM) was bought from Sigma. Human
ANA-centromere autoantibody (CREST) was bought from
Cortex Biochem ( San Leandro, CA, USA; 0.5 mg/ml in
0.1% BSA/PHEM, pH 7.2). In a preliminary experiment,
we used both rabbit serum and FITC-conjugated goat-
anti-rabbit IgG for the immunostaining and did not find
positive Mad1 or Mad2 signal; no positive dynein signal
was found when both mouse IgM (Sigma) and FITC-
conjugated goat-anti-mouse IgM (Sigma) were used.
Therefore, we found that the anti-XMad1 antibody, anti-
Mad2 antibody, and anti-dynein antibody can specifically
bind Mad1, Mad2, and dynein in mouse oocytes
respectively.

As we cannot image the oocytes using three-color
staining by confocal microscopy, oocytes used in this study
were double stained for Mad1 and DNA, Mad2 and DNA,
dynein and DNA, dynein and microtubules, Mad1 and
kinetochores, and Mad2 and kinetochores. Immuno-
fluorescence staining was based on the procedures
reported previously (Zhang et al. 2004, 2005) and the
oocytes were mounted on glass slides after staining and
examined with a TCS-4D laser scanning confocal
microscope (Leica Microsystems, Bensheim, Germany).

For Mad1 and kinetochore co-staining, oocytes were
treated in 0.5% Triton X-100/PHEM for 4–5 min and
washed thrice in PBS with 0.05% PVP, fixed in 4%
www.reproduction-online.org
paraformaldehyde/PHEM for 20 min and washed thrice
in PBS with 0.05% PVP. After being blocked in 1%
BSA/PHEM with 100 mM glycine at room temperature
for 1 h, the oocytes were incubated in anti-Mad1
antibody diluted 1:100 in 1% BSA/PHEM with 100 mM
glycine at 4 8C overnight. After four washes in PBS with
0.05% Tween 20, the oocytes were incubated with
FITC-conjugated goat-anti-rabbit IgG diluted 1:200 in
1% BSA/PHEM with 100 mM glycine for 45 min. After
three washes in PBS with 0.05% Tween 20, the oocytes
were again blocked in 1% BSA/PHEM with 100 mM
glycine at room temperature for 1 h, then stained
according to the methods mentioned above except that
the primary antibody is human ANA-centromere auto-
antibody (CREST) diluted 1:500 in 1% BSA/PHEM with
100 mM glycine and the second antibody is Alexa 568-
conjugated goat-anti-human IgG (molecular probe)
diluted 1:200 in 1% BSA/PHEM with 100 mM glycine.

For Mad2 and kinetochore co-staining, all steps were
the same as those for Mad1 and kinetochore co-staining
except that for the first round of immunoreaction; the
primary antibody is rabbit anti-Mad2 antibody diluted
1:100 in 1% BSA/PHEM with 100 mM glycine and the
second antibody is FITC-conjugated goat-anti-rabbit IgG
diluted 1:200 in 1% BSA/PHEM with 100 mM glycine.

For Mad1 and DNA staining, all steps were the same
as those for Mad1 and kinetochore co-staining except
that after the first round of immunoreaction, the oocytes
were stained with 10 mM propidium iodide in PBS with
0.05% Tween 20 for 2–3 min before examination.

For Mad2 and DNA or dynein and DNA staining, all
steps were the same as those for Mad1 and DNA staining
except that the primary antibody is rabbit anti-Mad2
antibody diluted 1:100 in 1% BSA/PHEM with 100 mM
glycine and the second antibody is FITC-conjugated
goat-anti-rabbit IgG diluted 1:200 in 1% BSA/PHEM
with 100 mM glycine, or that the primary antibody is
mouse anti-dynein antibody (IgM) diluted 1:100 in 1%
BSA/PHEM with 100 mM glycine and the second
antibody is FITC-conjugated goat-anti-mouse IgM
diluted 1:200 in 1% BSA/PHEM with 100 mM glycine.

For dynein and microtubules co-staining, all steps were
the same as those for Mad1 and nuclei staining except that
the primary antibody was mixture of mouse anti-dynein
antibody (IgM) diluted 1:100 in 1% BSA/PHEM with
100 mM glycine and mouse anti-a-tubulin antibody
1:16 000 in 1% BSA/PHEM with 100 mM glycine, and
the second antibody was mixture of FITC-conjugated goat-
anti-mouse IgM diluted 1:200 in 1% BSA/PHEM with
100 mM glycine and FITC-conjugated goat-anti-mouse
IgG 1:200 in 1% BSA/PHEM with 100 mM glycine.
Microinjection of anti-dynein antibody into immature
oocytes

To study the effects of dynein on the nuclear maturation
and the localization of Mad1 or Mad2, anti-dynein
Reproduction (2007) 133 685–695
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antibody (0.5 mg/ml in 0.1% BSA/PHEM, pH 7.2) was
injected into the cytoplasm of fully grown oocytes at GV
stage as previously reported (Shannon et al. 2002,
Tsurumi et al. 2004). Isobutylmethylxanthine was
added to M2 medium to produce a final concentration
of 0.2 mM to prevent GV breakdown during injection
and treatment. A microinjection volume of 7 pl per
oocyte was used in all experiments. The oocytes were
washed and cultured in M2 medium for 8 (to M-I stage)
or 16 h (to M-II stage) before confocal examination of
Mad1 and DNA or Mad2 and DNA. Subgroups were
cultured for 9.5, 12, 14, or 16 h to examine nuclear
maturation. Mouse IgM or culture medium was also
injected into other oocytes to act as controls.
Statistical analysis

All experiments were repeated thrice. All percentage
data were subjected to arc sine transformation before
significance analysis. Data were analyzed by ANOVA
of EXCEL and multiple range tests were conducted with
q-test. Differences at P!0.05 were considered
significant.
Reproduction (2007) 133 685–695
Results

Localization of dynein in normal or nocodazole-treated
oocytes

As shown in Fig. 1, when oocytes were at GV and early
ProM-I stages, dynein was mainly distributed inside or
around the nucleus and chromosomes. When the
oocytes were at late ProM-I stage, most dynein aligned
well at spindle poles (Fig. 1, arrow), while part of dynein
stranded off spindle poles (Fig. 1, arrow head). When the
oocytes reached M-I and M-II stages, dynein was
assembled at the spindle poles and no dynein signals
were observed around the chromosomes. When the
oocytes were treated with 20 mg/ml nocodazole to
depolymerize the spindles, in 81.2% (82/101) of M-I
and 73.6% (57/77) of M-II oocytes, all dynein moved
from the spindle poles to the region of chromosomes, but
no dynein signals were observed among the chromo-
somes. Since co-staining of dynein and microtubules
right after nocodazole treatment was inaccessible due
to great elimination of microtubules, oocytes were
recovered in M2 medium for 5 min followed by the
staining procedure above. It was found that dynein
Figure 1 Confocal microscopic images of
microtubules, nuclei, and dynein localization in
normal (left two columns) and nocodazole-
treated (right two column) oocytes. Red images
represent microtubules (from left, columns
1 and 4) or nucleus (from left columns 2 and 3)
and green images represent dynein. Arrows
indicate dynein. GV, germinal vesicle; ProM-I,
prometaphase I; M-I, metaphase I; M-II, meta-
phase II; Pb, polar body. BarZ10 mm.
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localized around microtubule growing from the Micro-
tuble-organising centre (MTOC) at chromosomes.
Localization of Mad1 and Mad2 in normal or
nocodazole-treated oocytes

Since Mad1 and Mad2 localization at different meiotic
stages were reported before (Zhang et al. 2004, 2005),
in this study, we focused on the co-staining of these
proteins and kinetochores of the oocytes at prometaphase
and metaphase (I and II) stages. Kinetochores and Mads
were clearly labeled at these stages. We found that both
Mad1 and Mad2 had two existing states during meiosis:
one existed in the cytoplasm (did not bind to kinetochores)
and was named as cytoplasmic Mad1 or cytoplasmic
Mad2, while the other bound to kinetochores and was
named as kinetochore Mad1 or kinetochore Mad2.
Since cytoplasmic Mads at M-I or M-II stage were mainly
at spindle poles, we specifically called M-I or M-II
cytoplasmic Mads as spindle pole Mads. The detailed
localization and equilibrium between two states of
proteins are as follows:

As shown in Fig. 2, most Mad1 in the oocytes at
ProM-I stage existed in an assembled status around the
chromosomes and some were individually distributed
between the chromosomes. Part of individual Mad1
bound to kinetochores and the remaining existed as
cytoplasmic Mad1. When the oocytes reached M-I and
M-II stages, Mad1 staining was mainly found at the
spindle poles in an assembled status, only very little
Mad1 bound to kinetochores.
Figure 2 Confocal microscopic images of co-staining of Mad1 and kinetocho
during meiosis. Each panel contains two single-channel insets with equal m
cytoplasmic Mad, and arrowheads indicate kinetochore Mad. Red images r
represent overlay of kinetochores and Mad. ProM-I, prometaphase I; M-I, m
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As shown in Fig. 2, Mad2 also existed in assembled
and individual states in the oocytes at ProM-I stage.
However, all Mad2 was scattered within the chromo-
somes; co-staining of Mad2 and kinetochores indicated
that most individual Mad2 was kinetochore Mad2 that
completely bound to kinetochores, while the assembled
Mad2 was cytoplasmic Mad2 that did not bind to
kinetochores. When the oocytes reached M-I and M-II
stages, cytoplasmic and kinetochore Mad2 were
completely separated: cytoplasmic Mad2 moved to the
spindle poles in an assembling status, a few part of Mad2
bound to kinetochores, however, kinetochore Mad2
signal at M-I or M-II stage seemed stronger than
kinetochore Mad1 signal.

In order to examine Mad1 and Mad2 changes in
the oocytes after microtubules and/or spindles were
disassembled, we used 20 mg/ml nocodazole to treat the
oocytes. In a preliminary experiment, we found that all
microtubules were destroyed when this concentration of
nocodazole was used and spindles could reassemble
after the removal of nocodazole in culture.

As shown in Fig. 2, nocodazole-treatment of ProM-I
oocytes did not change the status of cytoplasmic and
kinetochore Mad1 when compared with control oocytes
and most was cytoplasmic Mad1. When the oocytes at
M-I and M-II stages were treated with nocodazole, most
cytoplasmic Mad1 moved from the spindle poles to the
chromosomes in an assembled status, but some
individual Mad1 was found scattered among the
chromosomes and bound to kinetochores as indicated
by co-staining of Mad1 and kinetochores and in contrast,
res or Mad2 and kinetochores in normal or nocodazole-treated oocytes
agnification that showed Mad or kinetochore staining. Arrows indicate

epresent kinetochores, green images represent Mad, and yellow images
etaphase I; M-II, metaphase II; Pb, polar body. BarZ10 mm.
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kinetochore Mad1 signals in nocodazole-treated oocytes
seemed much stronger than in normal oocytes.

The localization of Mad2 in oocytes at ProM-I stage
treated with nocodazole was similar to those in the
oocytes without nocodazole treatment. However, in
85.4% (111/130) of M-I and 78.1% (68/87) of M-II
oocytes, localization of Mad2 changed after nocodazole
treatment: all cytoplasmic Mad2 moved from the spindle
poles to the chromosomes but did not bind to
kinetochores. Co-staining of Mad2 and kinetochores
indicated that all Mad2 that scattered in the chromo-
somes were kinetochore Mad2, which seemed stronger
than in normal oocytes. And same as in normal M-I or
M-I oocytes, kinetochore Mad2 signal seemed stronger
than Mad1 signal in nocodazole-treated oocytes.
Figure 3 (A) Nuclear progression of mouse oocytes after anti-dynein
antibody injection at the GV stages. Oocytes were examined after
cultured for 9.5 h. ProM-I, prometaphase I; M-I, metaphase I; A-I–T-I,
anaphase I to telophase I; 1Pb, first polar body. a,bP!0.05. (B) Nuclear
progression of mouse oocytes after anti-dynein antibody injection at the
Effects of anti-dynein antibody on meiotic progress
in the oocytes

As shown in Fig. 3A, at 9.5 h after injection, in control
oocytes about 52.3% (57/109) were at M-I stage and
27.5% (30/109) were at A-I–T-I stage, while in anti-
dynein antibody-injected oocytes, significantly more
(76.1%, 71/93) oocytes were at M-I stage and signi-
ficantly less oocytes (5.4%, 5/93) were at A-I–T-I stage.
As shown in Fig. 3B, at 12, 14, and 16 h after injection,
about 75.6% (113/150), 81.8% (122/150), and 85.5%
(128/150) of control oocytes released the first polar body,
while only 41.5% (62/150), 60.7% (91/150), and 75.3%
(112/150) of anti-dynein antibody-injected oocytes
released the first polar body, which were significantly
(P!0.05) lower than in control. The oocytes that did not
release the first polar body were at ProM-I or M-I stage.
However, we did not find the difference in the
morphology of polar body and meiotic spindle.
GV stages. Oocytes were examined after cultured for 12, 14, or 16 h.
a,bP!0.05.
Effect of anti-dynein antibody on the localization
of Mad1 and Mad2 in the oocytes

In order to examine the relationship between dynein and
checkpoint proteins (Mad1 and Mad2), anti-dynein
antibody was injected into the oocytes at the GV stage,
and then the injected oocytes were cultured for
examination of the localization of Mad1 and Mad2
after the oocytes reached M-I, A-I, and M-II stages.

As shown in Fig. 4A–C, it was found that 64.6% (82 of
127) of M-I, 75% (12 of 16) of A-I and 60.2% (53 of 88) of
M-II oocytes had abnormal Mad1 localization, in which
most cytoplasmic Mad1 was no longer localized at the
spindle poles, but irregularly localized around the
chromosomes. In addition, all cytoplasmic Mad1 still
existed in an assembling status and there were very few
kinetochore Mad1; while in the control, Mad1 in most
oocytes were at the spindle poles regardless of the oocyte
stages. However, after nocodazole treatment in
antibody-injected oocytes, as in control oocytes, cyto-
plasmic Mad1 still recruited to chromosomes and
Reproduction (2007) 133 685–695
kinetochore Mad1 staining still increased (Fig. 4A and
B). Co-staining in proM-I or M-I oocytes further support
that Mad1 scattering in the chromosomes was kineto-
chore Mad1 (Fig. 4B).

As shown in Fig. 5A–C, at 8 or 16 h after anti-dynein
antibody injection, it was found that significantly
(P!0.05) more injected oocytes had abnormal Mad2
localization than that in control. In 67.2% (80/119) of
M-I and 61.3% (76/124) of M-II oocytes, most
cytoplasmic Mad2 was not localized at the spindle
poles but between the spindle poles and the chromo-
somes, some were even closer to the chromosomes.
A little Mad2 was scattered in the chromosomes.
In 66.7% (12/18) of A-I oocytes, Mad2 was assembled
at the spindle midzone, but no Mad2 was found in the
chromosomes. While in the control oocytes at M-I and
M-II stages, most Mad2 was at the spindle poles and no
Mad2 was observed in the control A-I oocytes. However,
after nocodazole treatment in antibody-injected
www.reproduction-online.org



Figure 4 (A) Confocal microscopic images of
Mad1 localization in normal or nocodazole-
treated anti-dynein antibody-injected oocytes.
Oocytes at the GV stage were injected with
anti-dynein antibody and cultured for 8–16 h
before examination. Control: no antibody injec-
tion. Red images represent nucleus and green
images Mad1; some panels contain single-
channel insets of Mad1 with equal magnification.
Arrows indicate abnormal cytoplasmic Mad1
localization in normal injected oocytes or
relocated Mad1 in nocodazole-treated oocytes,
arrow heads indicate kinetochore Mad1. Pb,
polar body. BarZ10 mm. (B) Confocal micro-
scopic images of co-staining of Mad1 and
kinetochores in normal or nocodazole-treated
anti-dynein antibody-injected oocytes at ProM-I
or M-I stage. Each panel contains single-channel
inset of Mad1 with equal magnification. Arrows
indicate cytoplasmic Mad1 and arrowheads
kinetochore Mad1. Red images represent kine-
tochores, green images represent Mad, and
yellow images represent overlay of kinetochores
and Mad1. ProM-I, prometaphase I; M-I, meta-
phase I. (C) Proportions of oocytes with abnormal
Mad1 localization between anti-dynein
antibody-injected and control oocytes at M-I, A-I,
and M-II stages. a,bP!0.05.
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oocytes, as in control oocytes, cytoplasmic Mad2 still
recruit to chromosomes and kinetochore Mad2 staining
still increased (Fig. 5A and B). Co-staining of Mad2 and
kinetochores in proM-I or M-I oocytes further support
that Mad2 scattering in the chromosomes was kineto-
chore Mad2 (Fig. 5B).
Discussion

In the present study, same as previous studies in mitosis
(Chen et al. 1998, 1999) and meiosis (Zhang et al. 2004,
2005), we found that two different states of Mad1 and
Mad2 were present in the mouse oocytes during meiosis:
cytoplasmic Mad and kinetochore Mad. These two parts
were in a movable equilibrium in accordance with the
relationship between microtubules and chromosomes.
In the ProM-I oocytes, in which the connection between
microtubules and chromosomes had not established and
a bi-polar spindle had not formed, a larger percentage of
Mads were kinetochore-associated this was also a pool
of cytoplasmic Mads around the chromosomes. When
the oocytes reached M-I or M-II stages in which a
www.reproduction-online.org
complete spindle had formed and chromosomes had
aligned at the equator of the spindle, kinetochore Mads
were reduced and cytoplasmic Mads were increased,
and most Mads moved away from the chromosomes
(depleted from kinetochores) and were located at the
spindle poles. When the microtubules/spindles in the
oocytes at M-I and M-II stages were destroyed by
nocodazole treatment, spindle pole Mads recruited to
the chromosomes and a part of them rebound to
kinetochores. We used co-staining of Mad and kine-
tochores to verify these results in the present study. It is
clear that the equilibrium shift and location changes of
Mads are related to the connection between micro-
tubules and chromosomes.

Kinetochore Mad is the most important Mad that plays
a critical role in controlling anaphase onset (Chen et al.
1998, 1999). However, what are the functions of
cytoplasmic Mad? From the dynamic changes of Mads
during cell cycles, it would appear that cytoplasm
maintains a Mads pool around the nucleus and there is
a ‘crosstalk’ between cytoplasmic and kinetochore
Mads. Before M-I stage, since cytoplasmic Mads stand
Reproduction (2007) 133 685–695



Figure 5 (A) Confocal microscopic images of
Mad2 localization in anti-dynein antibody-
injected oocytes. Oocytes at the GV stage were
injected with anti-dynein antibody and cultured
for 8–16 h before examination. Control: no
antibody injection. Red images represent nucleus
and green represent Mad2; some panels contain
single-channel insets of Mad2 with equal
magnification. Arrows indicate abnormal
cytoplasmic Mad1 localization in normal
injected oocytes or relocated cytoplasmic Mad2
in nocodazole-treated oocytes, arrow heads
indicate kinetochore Mad2. Pb, polar body.
BarZ10 mm. (B) Confocal microscopic images of
co-staining of Mad1 and kinetochores in normal
or nocodazole-treated anti-dynein antibody-
injected oocytes at ProM-I or M-I stages. Each
panel contains single-channel inset of Mad2 with
equal magnification. Arrows indicate cyto-
plasmic Mad2 and arrowheads indicate kineto-
chore Mad2. Red images represent kinetochores,
green images represent Mad2, and yellow images
represent overlay of kinetochores and Mad2.
ProM-I, prometaphase I; M-I, metaphase I.
(C) Proportions of oocytes with abnormal Mad2
localization between anti-dynein antibody-
injected and control oocytes at M-I, A-I, and M-II
stages. a,bP!0.05.
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close to kinetochore Mads, the turnover between these
two states is quick and strong which keeps the
checkpoint active. When oocytes progress into M-I
stage, cytoplasmic Mads move far away from kineto-
chores Mads, so the turnover has been greatly slowed
down, which inactivate the checkpoint. When the
connection between microtubules and chromosomes is
destroyed, the spindle pole Mads are transported back to
the chromosomes and again come close to kinetochore
Mads, which recovers the normal turnover between
cytoplasmic and kinetochore Mads and, in turn, activate
the checkpoint. The oocytes always keep a pool of extra
Mads in the cytoplasm, which may explain why there are
always cytoplasmic Mads in the oocytes. These results
were similar to those observed in other cells during
mitosis (Chen et al. 1998, 1999).

Recently, Luo et al. (2004) found that Mad2 had two
folding states, named N1-Mad2 and N2-Mad2, they
were in a movable equilibrium, and that N2-Mad2 plays
more important roles in the inhibition of anaphase onset.
Overexpression of Mad2 mutant that specially insulated
the function of N2-Mad2 partially blocked checkpoint
pathway (Luo et al. 2004). Our data suggest that Mad1
Reproduction (2007) 133 685–695
and Mad2, as key components of meiotic checkpoint,
might also have two different states in a movable
equilibrium and the part at kinetochores might play
more important roles in metaphase arrest. However,
further studies are necessary to examine whether there is
structural differences between kinetochore and cyto-
plasmic Mads. The relationship between Mad1 and
Mad2 is still unknown. Luo et al. (2004) found that
Mad2’s two folding states could transform into each
other and this transformation could be promoted by
Mad1. It has also been found that in mitosis, some Mad2
bound to Mad1 and other Mad2 was free from Mad1,
and a tight complex of Mad1 and Mad2 is important for a
functional checkpoint (Chen et al. 1999). In addition,
Mad1 recruits Mad2 to unattached kinetochores (Chen
et al. 1998). However, the relationship between Mad1
and Mad2 is still unclear in meiosis.

It has been reported that transportation is one of
dynein’s most important functions (Gibbons & Rowe
1965, Lye et al. 1987, Paschal & Vallee 1987, Howell
et al. 2001). Among the transient motor proteins at the
kinetochores, centrosome protein (CENP) and mitotic
centromere associated kinesin (MCAK)/Xenopus kinesin
www.reproduction-online.org
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catastrophe modulator 1 (XKCM1) are plus-oriented
motors (from spindle poles to kinetochores), while
dynein is a minus-oriented motor (from kinetochores to
spindle poles; Barton & Goldstein 1996, Maney et al.
1999, Hunter & Wordeman 2000). In the present study,
we suggest that dynein plays an important role(s) in
spindle checkpoint inactivation and this function is
related to two key checkpoint proteins: Mad1 and Mad2.
The functions of dynein and its connection with Mads
are manifested as follows:

First, dynein participate in checkpoint inactivation.
We checked whether anti-dynein antibody injection will
affect oocytes meiotic progression. We found that
significantly more oocytes were still at M-I stage than
control after 9.5-h culture, and significantly less oocytes
released first polar body after 16-h culture, which means
oocytes had been delayed entering anaphase. This is a
reverse phenomena compared with that after inhibition
of two key checkpoints Mad1 and Mad2, which caused
premature anaphase (Zhang et al. 2004, 2005). There-
fore, we inferred that instead of happened on time, the
checkpoint inactivation had been delayed after anti-
dynein antibody injection.

Second, dynein’ function in checkpoint inactivation is
closely related to Mads’ relocation from prometaphase to
metaphase. As suggested above, Mads’ relocation from
prometaphase to metaphase is important for checkpoint
inactivation. When dynein was inhibited by antibody
injection, the relocation had been greatly blocked: only
a small part of Mads localized at spindle poles, a large
part localized between spindle poles and chromosomes,
some stranded as close to chromosomes as after
nocodazole treatment. Since dynein inhibition delayed
checkpoint inactivation, it is reasonable that this delay
was due to the relocation of Mads. How could this have
happened? It could be that when the cytoplasmic Mads
stand near the chromosomes, the equilibrium between
cytoplasmic Mads and kinetochore Mads had been
modified similar to that at ProM-I, which activated the
checkpoint again.

Third, dynein inactivate checkpoint through transport-
ing cytoplasmic Mads, not kinetochore Mads. This can
be inferred from the following: first, after dynein
inhibition, Mads still co-localized with kinetochores in
normal or nocodazole-treated oocytes before M-I (Figs 4
and 5). These results indicate that Mad1 and Mad2
binding to kinetochore were not affected by anti-dynein
antibody injection. If dynein was responsible for Mad1
and Mad2 binding to kinetochore, anti-dynein injection
would prevent Mad1 and Mad2 binding to kinetochore,
thus oocytes would enter an early anaphase and show
abnormal polar body release as Mad2 inhibition
observed by anti-Mad2 antibody injection experiment
(Gorbsky et al. 1998, Zhang et al. 2004). However, we
did not see similar results as those by Mad2 inhibition,
but reverse results. These results indicate that Mad1 and
Mad2 binding to kinetochores is dynein-independent
www.reproduction-online.org
before M-I stage. Second, Most dynein localized around
chromosomes, but did not bind to kinetochore during
prometaphase (Fig. 1) and after microtubule destruction,
dynein still localized around chromosomes instead of on
kinetochore. Hence, it is impossible for dynein to move
onto kinetochores and detach Mads away from kine-
tochore. Third, considering Mads still localized at
kinetochore during metaphase, it seemed not necessary
that Mads are completely detached from kinetochore to
inactivate checkpoint during metaphase. The equili-
brium change between cytoplasmic and kinetochore
Mads may be more important for checkpoint switch,
while dynein inhibition changed the equilibrium by
relocating cytoplasmic Mads.

Finally, although dynein inhibition prevents Mad
transportation during the meiosis, microtubule forma-
tion, spindle structure, and chromosome alignment were
not affected. This could be due to the following reasons:
first, as shown in Fig. 1, at GV stage, dynein mainly
localized inside or around nucleus, while we injected
the anti-dynein antibody into cytoplasm (quick death
happened if we directly injected antibody into nucleus),
so there is a gradient effect, which is normal in any
antibody-injection experiment and it is possible that
dynein inside the nucleus was only partially blocked
since it is away from the injection site. Second, also from
Fig. 1, dynein expression level seemed to increase as
oocytes develop from GV to M-I, since we inject
antibody at GV stage, we might just partially knocked
down dynein’s activity. Certainly it is not surprising that,
in partial knockdown oocytes, spindle morphology still
kept intact since there is still dynein functioning there.
And from the Mads localization after knockdown
(Figs 4A, B and 5A, B), we can find that there are still
some Mads near or at the poles, which may suggest that
dynein still partially functioned. Nevertheless, partial
knockdown already caused significant effect on oocytes
development even though the spindles are kept intact,
which in reverse indicate dynein’s importance. Since
partial dynein inhibition had not affected spindle
structure, there is little possibility that the relocation of
Mads after dynein inhibition was due to change of
spindle structure as reported before (Zhang et al. 2005).
So in this case, partial knockdown may be more
preferable for ascertaining the real cause of Mads
relocation than complete knockdown. Third, chromo-
some movement and microtubule formation may be not
sensitive to dynein inhibition, which were reported in
mitosis (Gaglio et al. 1997, Howell et al. 2001), hence
though our results could not certify that dynein directly
relocate Mads, it suggests that dynein participates in
cytoplasmic Mads relocation, specifically transporting
cytoplasmic Mads from chromosomes to spindle poles
through its minus-end motor activity. Inhibition of
dynein prevented Mads transportation from kinetochore
to spindle poles which was also observed in mitosis. In
Ptkl cells, microinjection of purified p50 dynamitin
Reproduction (2007) 133 685–695
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protein or anti-dynein antibody also prevented Mad2,
BubR1, CENP-E, and 3F3/2 phosphoantigen from
transporting to the spindle poles and prevented Mad2
detachment from the kinetochores (Howell et al. 2001).
Therefore, it would be possible that dynein’s function as
a checkpoint protein transportation is the same between
mitosis and meiosis.

In conclusion, the present study indicates that as seen
in mitosis, dynein may participate in spindle checkpoint
inactivation by transporting cytoplasmic Mads from
chromosomes to spindle poles. The equilibrium between
cytoplasmic and kinetochore Mads is essential for
checkpoint activation/inactivation. Inhibition of dynein
causes cytoplasmic Mads to stay near chromosomes
instead of being transported to poles during M-I, thus
kept the equilibrium between cytoplasmic and kineto-
chore Mads similar to proM-I, which in turn delays
checkpoint inactivation. These results indicate that
dynein is important for checkpoint inactivation during
oocyte meiosis.
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