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Functionality of the spindle checkpoint during the first meiotic
division of mammalian oocytes
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The spindle checkpoint ensures accurate chromosome
segregation by delaying anaphase until all chromosomes
are correctly aligned on the microtubule spindle. Although
this mechanism is conserved throughout eukaryotic evol-
ution, it is unclear whether it operates during meiosis in
female mammals. The results of the present study show
that in mouse oocytes spindle alterations prevent both
chromosome segregation and MPF (M phase promoting
factor) inactivation during the first meiotic M phase.
Moreover, the spindle checkpoint component budding
uninhibited by benzimidazole 1 (BUB1) localizes to kin-
etochores and is phosphorylated until anaphase of both

meiotic M phases. Both localization and phosphorylation
are similar to those observed in oocytes at microtubule
depolymerization. In addition, the kinetochore localization
and phosphorylation of BUB1 do not depend on the
MOS/. . . /MAPK pathway. These data indicate that the
spindle checkpoint is probably active during meiotic
maturation in mouse oocytes. BUB1 remains associated
with kinetochores and is phosphorylated during the
metaphase arrest of the second meiotic M phase, indicating
that this protein may also play a role in the natural
metaphase II arrest in mammalian oocytes.

Introduction

During meiosis, two rounds of chromosome segregation
occur without DNA replication, thereby producing
haploid gametes. The first meiotic division is reductional
and involves the segregation of homologous chromo-
somes while sister chromatids remain attached. The
second meiotic division is equational and leads to the
segregation of sister chromatids, as also occurs during
mitosis. Segregation errors during either meiotic division
can result in aneuploid embryos after fertilization, which
in turn can have marked consequences. Specifically,
in mammals, the loss or gain of an autosome can
result in severe developmental, physiological and mental
disturbances (Abruzzo and Hassold, 1995).

In mitosis, a quality control mechanism called the
spindle assembly checkpoint ensures accurate chromo-
some segregation by delaying the onset of anaphase
until all the chromosomes are correctly attached to
the spindle through their kinetochores. The spindle
checkpoint prevents anaphase by inhibiting the anaphase
promoting complex/cyclosome (APC/C), an E3 ubiquitin
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ligase, the activity of which is required for onset
of anaphase and exit from mitosis (Cleveland et al.,
2003). The spindle checkpoint components budding
uninhibited by benzimidazole (BUB; Hoyt et al., 1991)
and mitotic arrest-deficient (MAD; Li and Murray,
1991) are conserved throughout eukaryotic evolution
(Amon, 1999). In vertebrates, BUB1, BUB3, MAD1,
MAD2 and BUBR1 localize transiently to kinetochores
during mitosis, which is consistent with playing a
role in monitoring kinetochore–microtubule interactions.
MAD2 appears to respond directly to microtubule
anchoring in the kinetochore plate (Waters et al., 1999),
whereas BUB1 appears to be sensitive to tension across
the centromere (Skoufias et al., 2001). Significantly,
the amounts of BUB and MAD proteins present at
kinetochores decrease after chromosome alignment.
Whether dissociation of these proteins is required for
checkpoint inactivation remains to be determined. What
is clear is that BUB1 is phosphorylated when the spindle
checkpoint is turned on (Taylor and McKeon, 1997) and
that its phosphorylation is required for the formation
of the MAD1–BUB1–BUB3 complex that is crucial
for spindle checkpoint function (Brady and Hardwick,
2000).

Whether the spindle checkpoint operates in mam-
malian meiosis remains unclear. In humans, an estimated
20% of conceptuses have an abnormal chromosomal
content as a consequence of errors that occur during
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female meiosis I (Angell et al., 1994; Hunt and LeMaire-
Adkins, 1998). In humans, as well as in mice, in which
maternal age model systems have been developed, the
frequency of segregation errors is strongly correlated
to maternal age (Eichenlaub-Ritter et al., 1988). Sub-
sequently, it has become generally accepted, but not
formally demonstrated, that meiotic divisions in female
mammals are error prone because they lack a functional
spindle checkpoint.

In the present study, it is demonstrated that mouse
oocytes do undergo cell cycle arrest after different types
of spindle damage. In addition, it is shown that BUB1
localizes to kinetochores and is in a phosphorylated
state before anaphase of both meiotic M phases. In
contrast to observations in Xenopus oocytes (Schwab
et al., 2001), the phosphorylation and kinetochore
localization of BUB1 in mouse oocytes do not require
the MOS/. . . /MAPK pathway. These observations are all
consistent with the notion that the spindle checkpoint
is operational during meiotic maturation in female
mammals. Finally, BUB1 remains associated with kin-
etochores and is phosphorylated during the metaphase
II arrest, indicating that it may play a role in this natural
arrest of mammalian oocytes.

Materials and Methods

Oocyte culture and collection

Oocytes blocked at prophase of the first meiotic division
(germinal vesicle stage). The ovaries were removed
from 8–12-week-old Swiss (Ifa Credo, St Germain sur
L’Arbresle) or mos –/– (Colledge et al., 1994) female
mice and transferred to prewarmed (37◦C) M2 medium
supplemented with 4 mg BSA ml−1 (Whittingham, 1971).
The ovarian follicles were punctured to release the
enclosed oocytes, and immature oocytes displaying a
germinal vesicle (GV) were collected and cultured in M2
medium under liquid paraffin oil at 37◦C. Oocytes were
scored for germinal vesicle breakdown (GVBD) after 1 h
of culture and collected at different time points.

Oocytes blocked at metaphase of the second meiotic
division. Metaphase II-arrested oocytes were recovered
from mice superovulated by i.p. injections of equine
chorionic gonadotrophin (eCG; Intervet, AN Boxmeer)
and human chorionic gonadotrophin (hCG; Intervet) 48 h
apart. Ovulated oocytes were released from the ampullae
of oviducts at 14–16 h after hCG administration and the
cumulus cells were dispersed by exposure to 0.1 mol
hyaluronidase l−1 (Sigma Chemical Co., St Louis, MO).
After washing, the oocytes were cultured in M2 medium
under liquid paraffin oil at 37◦C.

Parthenogenetically activated oocytes. Oocytes were
activated by exposure for 6.5 min to a freshly prepared

8% ethanol solution in M2 medium (Cuthbertson, 1983).
The oocytes were washed in M2 medium and cultured
in M2 medium under liquid paraffin oil at 37◦C.

Oocyte drug treatment

Oocytes were washed and cultured in M2 medium
containing Nocodazole (Sigma Chemical Co.) at either
20 �mol l−1 or 400 nmol l−1, or, alkrnatively Paclitaxel
(Molecular Probes, Eugene, OR) at 20 nmol l−1. Oocytes
were cultured in M2 medium containing Puromycin
(Sigma Chemical Co.) at 20 �mol l−1, with or without
20 �mol Nocodazole l−1. The drugs were removed by
intensive washing of the treated oocytes in M2 medium.
All experiments were performed at least twice.

Immunocytochemistry

The fixation and labelling of oocytes were performed
as described by Maro et al. (1984). Oocytes were
fixed and stained according to Taylor and McKeon
(1997). Confocal microscopy was performed with a Leica
DMR/TCS-4D instrument.

Immunoblotting

Groups of 50 oocytes were washed in M2 medium
containing 4 mg polyvinylpyrrolidone (PVP) ml−1, col-
lected in sample buffer (Laemmli, 1970), heated to
100◦C for 3 min and frozen at − 20◦C. The proteins
were separated by electrophoresis in 8% (w/v) polyac-
rylamide (ratio acrylamide:bis-acrylamide was 100:1),
containing 0.1% (w/v) SDS and electrically transferred
to nitrocellulose membranes (Schleicher and Schuell,
Düren; pore size 0.45 �m). After transfer and blocking
for 2 h in 3% (w/v) skimmed milk in 10 mmol Tris
l−1 (pH 7.5) and 140 mmol NaCl l−1 (TBS) containing
0.1% (v/v) Tween-20, the membrane was incubated
overnight at 4◦C with mouse monoclonal anti-BUB1
diluted 1:1000. After three washes of 10 min each
in 0.1% (v/v) Tween-20–TBS, the membrane was
incubated for 1 h at room temperature with an anti-
mouse antibody conjugated to horseradish peroxidase
(Amersham, Little Chalfont) diluted 1:10 000 in 3% (w/v)
skimmed milk in 0.1% (v/v) Tween-20–TBS. The mem-
brane was washed three times in TBS–Tween-20 and
processed using either the ECL (Amersham) or the Super
Signal (Pierce, Rockford, IL) detection system.

Alkaline phosphatase treatment

Samples containing 50 oocytes in phosphatase buffer
(Boehringer-Mannheim, Mannheim) and 1% (w/v) SDS
(Sigma Chemical Co.) supplemented with anti-proteases
were mixed with 1 iu alkaline phosphatase. After 30 min
incubation at 37◦C, the reaction was stopped by adding
the same volume of twice concentrated Laemmli buffer.
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Fig. 1. Functionality of the spindle checkpoint in mouse oocytes at MI. (a) Untreated oocytes:
at 11 h after germinal vesicle breakdown (GVBD), the chromosomes are visible as paired sister
chromatids and are aligned on the MII metaphase plate (upper view). (b) Puromycin-treated
(20 �mol l−1) oocytes: at 11 h after GVBD, the chromatin is decondensed and a pronucleus
has formed. (c) Nocodazole-treated (20 �mol l−1) oocytes: at 11 h after GVBD, the chromatin
is highly condensed. (d) After brief removal of nocodazole, homologous chromosomes appear
to be still clearly paired. (e) Oocytes simultaneously incubated in puromycin (20 �mol l−1)
and nocodazole (20 �mol l−1): the chromatin remains highly condensed at 11 h after GVBD.
(f) Untreated, MII-arrested oocyte. (g) Oocyte treated with paclitaxel (20 nmol l−1): at 11 h after
GVBD, the chromosomes are located in the area of the metaphase plate. Homologous chromosomes
still appear to be clearly paired (inset). (h) Oocytes treated with paclitaxel (20 nmol l−1) and
puromycin (20 �mol l−1): at 11 h after GVBD, the chromosomes are condensed and located in
the area of the metaphase plate. (a–h) Chromatin appears in red and (f,g,h) microtubules appear in
green. Scale bar represents 5 �m.

Results

Functionality of the spindle checkpoint during meiosis I
in mouse oocytes

The spindle checkpoint can be activated experi-
mentally by altering spindle microtubule dynamics,
and represses both chromosome segregation and MPF
inactivation (M phase promoting factor; Cleveland et al.,
2003). The effect of spindle microtubule depolymer-
ization or stabilization on chromosome segregation
and MPF inactivation in maturing mouse oocytes was
examined to determine whether this checkpoint is
functional during mammalian meiosis.

Oocytes normally extrude their polar body about 8 h
after GVBD. At 11 h after GVBD, oocytes are arrested
in metaphase of the second meiotic M phase (MII),
with paired sister chromatids aligned on the metaphase
plate (Fig. 1a). In contrast, when oocytes were incubated
in nocodazole (20 �mol l−1) (or 400 nmol l−1, data not
shown) from 7 h to 11 h after GVBD, the spindle

disassembled, polar body extrusion did not occur and
the chromatin was highly condensed (Fig. 1c). At 30 min
after nocodazole washout, individual chromosomes
were clearly observed as paired homologues (Fig. 1d).

MPF inactivation is only transient between MI and
MII (Verlhac et al., 1994). It can be observed by treating
oocytes with inhibitors of protein synthesis at the end
of MI to induce interphase artificially after MI comple-
tion. Therefore, to determine whether spindle damage
prevents MPF inactivation, oocytes were incubated in the
protein synthesis inhibitor puromycin from 7 h to 11 h
after GVBD, with and without nocodazole (20 �mol l−1

or 400 nmol l−1). In puromycin-treated oocytes, after
polar body extrusion, the chromatin decondensed and
a pronucleus was observed as an indicator of MPF
inactivation (Fig. 1b). In contrast, in oocytes incubated
in both puromycin and nocodazole (20 �mol l−1) (or
400 nmol l−1, data not shown), polar body extrusion was
inhibited and the chromatin remained highly condensed
in all treated oocytes (Fig. 1e).
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Similar experiments were performed using paclitaxel
(a Taxol equivalent) as a microtubule-stabilizing drug.
At 11 h after GVBD, untreated oocytes were arrested in
metaphase II (Fig. 1f ). In contrast, all oocytes incubated
from 6 h to 11 h after GVBD in paclitaxel (20 nmol l−1),
alone or with puromycin (20 �mol l−1), had large
spindles with paired homologue chromosomes gathered
near the equatorial plane of the spindle (Fig. 1g,h). In
conclusion, microtubule depolymerization or stabiliz-
ation are both able to inhibit chromosome segregation
and MPF inactivation, indicating that the spindle
checkpoint is functional during the first meiotic M phase
in mouse oocytes.

Association of BUB1 with kinetochores during meiotic
maturation of oocytes

The essential spindle checkpoint component BUB1
was also analysed in maturing mouse oocytes. BUB1 lo-
calization was investigated using the anti-murine BUB1
monoclonal antibody 4B12 characterized previously in
mouse somatic cells (Taylor and McKeon, 1997). During
the first meiotic M phase (MI), BUB1 was observed on
the kinetochores from GVBD until metaphase, about 8 h
after GVBD (Fig. 2a–d). During anaphase I, a pool of the
protein remained at the kinetochores and disappeared at
late anaphase (Fig. 2e,f). During the second meiotic M
phase (MII), BUB1 relocalized and remained associated
with kinetochores during the metaphase II arrest (Fig. 2g).
The protein only disappeared from kinetochores in late
anaphase II (Fig. 2i). Treatment of metaphase II-arrested
oocytes with nocodazole for 1 h did not lead to a
significant increase in BUB1 content at the kinetochores
(Fig. 2h). BUB1 was also observed at both telophase I
and II, at the neck of the polar body, at a structure
that may correspond to the actin contractile ring but
that was not analysed further (Fig. 2f,i). In conclusion,
BUB1 associates with kinetochores until anaphase of
both meiotic M phases in mouse oocytes.

Phosphorylation of BUB1 during both meiotic M phases

In somatic cells, experimental spindle checkpoint
activation correlates with BUB1 phosphorylation (Taylor
and McKeon, 1997). Therefore, BUB1 was analysed by
immunoblotting during meiotic maturation. At the GV
stage, the protein is already present and its expression
remains constant during meiotic maturation (Fig. 3a,b).
BUB1 was detected as a single band migrating at 120 kDa
at the GV stage. As soon as GVBD occurred, BUB1
shifted to a slower migrating form that was maintained
during MI (Fig. 3a) and was also observed during the
metaphase II arrest (Fig. 3b). The shift of BUB1 observed
during both meiotic M phases was compared with the
electrophoretic mobility of the protein after microtubule
depolymerization. MI oocytes collected at 7 h after

GVBD and MII-arrested oocytes were incubated in
nocodazole for 3 h. In both cases the electrophoretic
mobilities were identical in treated and untreated oocytes
(Fig. 3b, lanes 1–4). Finally, the electrophoretic shift was
reversed by alkaline phosphatase treatment of metaphase
II-arrested oocytes (Fig. 3b, lane 5), demonstrating that
this shift corresponded to the phosphorylation of BUB1.
In conclusion, during both meiotic M phases, BUB1 is
phosphorylated before the onset of anaphase in the same
way as upon experimental spindle checkpoint activation.

BUB1 behaviour and the MOS/. . . /MAP kinase pathway

The potential action of the MOS/. . . /MAP kinase
pathway on BUB1 behaviour during meiotic maturation
was examined using mos –/– mouse oocytes (Colledge
et al., 1994; Hashimoto et al., 1994). In these oocytes,
the absence of MAP kinase activation results in failure of
metaphase II arrest and in spontaneous activation. After
second polar body extrusion, most of the oocytes arrest
for at least 10 h in a third meiotic M phase (MIII), in which
they have monopolar spindles (Verlhac et al., 1996).

BUB1 localization was investigated by immunostain-
ing during meiotic maturation of mos –/– and mos +/–
oocytes. In mos –/– oocytes, BUB1 associated with
kinetochores from GVBD until late anaphase of the first
meiotic M phase (Fig. 4a,b), as in mos +/– oocytes (data
not shown) or in wild-type oocytes (Fig. 2). In mos –/–
MIII-arrested oocytes, BUB1 was found on the kineto-
chores of the sister chromatids (Fig. 4c). BUB1 electro-
phoretic mobility was compared in mos –/– and wild-
type oocytes by immunoblotting during the first meiotic
M phase. In both cases, a single band was detected at
the GV stage and a shift in electrophoretic mobility was
observed after GVBD (Fig. 5). In conclusion, in mos –/–
oocytes, BUB1 localization and phosphorylation are not
impaired compared with mos +/– and wild-type oocytes
during meiotic maturation.

Discussion

The results of the present study indicate that the spindle
checkpoint is functional in mouse oocytes. Spindle
microtubule depolymerization and stabilization are able
to prevent both chromosome segregation and MPF
inactivation. Thus, spindle defects are able to prevent
onset of anaphase I by triggering a spindle checkpoint
arrest. Brunet et al. (1999) observed in MI oocytes
that the arrest induced by microtubule depolymerization
using nocodazole can be reversed by washing out the
drug; in this case, the spindle reforms and anaphase
occurs after alignment of the last chromosome on the
metaphase plate. Taken together, these data indicate
that the spindle checkpoint controls the metaphase
I–anaphase I transition in mouse oocytes.
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Fig. 2. Association of budding uninhibited by benzimidazole 1 (BUB1) with kinetochores in mouse oocytes.
(a) Germinal vesicle breakdown (GVBD). (b) At 3 h after GVBD, the chromosomes are congressing towards the
spindle equator. (c) At 8 h after GVBD (late prometaphase): before the formation of kinetochore fibres (Brunet
et al., 1999), the chromosomes are not yet aligned on the metaphase plate. (d) At 8 h after GVBD: metaphase.
(e) Anaphase. (f) Late anaphase. (g) Metaphase II arrest. (h) Metaphase II-arrested oocytes incubated for 1 h in
nocodazole. (i) Late anaphase II. Red: chromosomes; green: BUB1. Scale bar represents 5 �m.
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Fig. 3. Transient phosphorylation of budding uninhibited by
benzimidazole 1 (BUB1) during meiotic maturation of mouse
oocytes. (a) BUB1 immunoblot in MI mouse oocytes. GV: ger-
minal vesicle stage; BD: germinal vesicle breakdown stage.
(b) Microtubule depolymerization by nocodazole (NZ) in MI
oocytes, at 7 h after germinal vesicle breakdown (GVBD; lanes 1
and 2; MI), and MII-arrested oocytes (lanes 3 and 4), does
not modify BUB1 phosphorylation. Alkaline phosphatase (AP)
treatment of MII oocytes suppresses the BUB1 electrophoretic
shift (lane 5) compared with mobility at the germinal vesicle stage
(lane 6; GV). Dashed lines were added to easily visualize the
migration shifts. The lines were traced parallel to the protein bands.

The essential spindle checkpoint component BUB1
was characterized in mouse oocytes to support further
the existence of the meiotic checkpoint. During both
meiotic M phases, BUB1 is associated with kinetochores
until anaphase. BUB1 is phosphorylated after micro-
tubule depolymerization, as is also reported in mitosis.
Furthermore, BUB1 is phosphorylated to a similar extent
during both meiotic M phases before anaphase. In human
cells, the phosphorylated form of BUB1 is only readily
detectable after spindle damage (Taylor et al., 2001),
indicating that it may reflect spindle checkpoint activity.
Indeed, BUB1 phosphorylation may be required for
the formation of the MAD1–BUB1–BUB3 complex that
is crucial for spindle checkpoint function (Brady and
Hardwick, 2000). However, BUB1 phosphorylation has
also been observed in Xenopus oocytes (Schwab et al.,
2001; Sharp-Baker and Chen, 2001), which lack a
robust spindle checkpoint (see Minshull et al., 1994).
Nevertheless, in this case BUB1 phosphorylation requires
the MOS/. . . /MAP kinase pathway (Schwab et al., 2001).
In contrast, the results of the present study show, using
mos –/– mice, that BUB1 is phosphorylated during the
first meiotic M phase independent of the MOS/. . . /MAP
kinase pathway. Moreover, after second polar body
extrusion, mos –/– oocytes arrest in a third meiotic
M phase (MIII) with single chromatids connected to a
monopolar spindle for at least 10 h (Verlhac et al., 1996).

In this case, an abnormal spindle is able to trigger
a spindle checkpoint arrest in the absence of the
MOS/. . . /MAP kinase pathway, and thus of CSF.
These observations reinforce the contention that BUB1
phosphorylation in MI mouse oocytes reflects spindle
checkpoint activity. In conclusion, our data are strongly
indicative that the BUB1-dependent spindle checkpoint
is active in mouse oocytes.

It was also observed that a pool of BUB1 persists
until late anaphase on the kinetochores. BUB1 in
mouse somatic cells appears to leave the kinetochore at
metaphase (Taylor and McKeon, 1997). However, a pool
of BUB1 is also observed on the kinetochores during
anaphase in Saccharomyces pombe (Bernard et al.,
1998, 2001) and Caenorhabditis elegans (Basu et al.,
1999). These data and our present observations indicate
that spindle checkpoint inactivation does not require
BUB1 delocalization from the kinetochore.

The existence of a meiotic spindle checkpoint has
been documented in various organisms (Bernard et al.,
1998; Basu et al., 1999; Yu et al., 1999; Shonn et al.,
2000), but its existence in mammalian oocytes re-
mained controversial. In women, an estimated 20%
of pregnancies are aneuploid as result of chromosome
segregation errors in oocytes. Most trisomies arise from
errors at MI, correlated with increased maternal age
(Angell et al., 1994). These observations argue against
the functionality of such a checkpoint. Nevertheless,
an alternative mechanism for generation of trisomy has
been proposed. During the extended dictyate stage in
older women, the cohesion within the bivalent complex
is severely weakened. Consequently, as oocytes resume
meiosis, some bivalents emerge as chromatids unable to
hold together as paired homologues. They may act as
univalents and be able to silence the spindle checkpoint
and divide equationally at anaphase I (Wolstenholme
and Angell, 2000).

In addition, in XO mice oocytes, the first meiotic M
phase leads to equational division of the univalent X
chromosome (30% of the oocytes), or ‘intact segregation’
to the egg (49% of the oocytes) or to the polar body
(21% of the oocytes) (LeMaire-Adkins and Hunt, 2000)
without any delay in onset of anaphase I. These data may
be indicative of the lack of a meiotic spindle checkpoint.
Nevertheless, in these oocytes, the X univalent aligns
on the MI metaphase plate (LeMaire-Adkins et al.,
1997), most probably with sister kinetochores attached to
opposite spindle poles as suggested by further equational
segregation in 30% of the oocytes. It can be proposed
that this inappropriate attachment is sufficient to silence
the spindle checkpoint and allow onset of anaphase. At
anaphase I the cohesion between sister chromatids that is
maintained on the centromere (Moore and Orr-Weaver,
1998; Prieto et al., 2001) would counteract the tensions
exerted by the kinetochore fibres and prevent proper
separation of sister chromatids. In most of the cases, such
tensions would be resolved by the loss of connection
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(a) (b) (c)

Fig. 4. Localization of budding uninhibited by benzimidazole 1 (BUB1) during meiotic maturation of
MOS –/– mouse oocytes. (a) Germinal vesicle breakdown. (b) Late anaphase I. (c) MIII-arrested oocyte.
Red: chromosomes; green: BUB1. Scale bars represent 5 �m.

GV BD MI GV BD MI

Mos –/– Wild type

Fig. 5. Phosphorylation of budding uninhibited by benzimidazole
1 (BUB1) in MOS –/– and wild-type mouse oocytes during MI.
BUB1 immunoblot in MOS –/– and wild-type mouse oocytes. In
MOS –/– mouse oocytes, the migrating forms of BUB1 detected at
the germinal vesicle (GV; lane 1), germinal vesicle breakdown (BD;
lane 2) and GVBD + 7 h (MI; lane 3) stages are identical to those de-
tected in wild-type oocytes at the corresponding stages (lanes 4–6).
Dashed lines were added to visualize the migration shifts. The lines
were traced parallel to the protein bands.

between one kinetochore and its spindle pole, and would
lead to ‘intact segregation’ of the X univalent.

In conclusion, the existence of an active spindle
checkpoint in mammalian oocytes that may depend
on BUB1 indicates that the chromosome segregation
errors observed in mammalian oocytes probably occur
during anaphase I. The errors most probably result
from the weakening of the cohesion within the bivalent
correlated with maternal age. The bivalents correctly
connected to the spindle poles as univalents may silence
the spindle checkpoint and then divide equationally.
The mechanism of such a process remains to be
investigated.

As in most vertebrates, mouse oocytes are arrested
at metaphase of the second meiotic M phase until
fertilization or parthenogenetic activation. During this
arrest, a high MPF activity is maintained by CSF (cyto-
static factor), a factor which involves the MOS/. . . /MAP
kinase cascade (Sagata, 1998). BUB1 is present on the
kinetochores of MII-arrested oocytes and only leaves
the kinetochores at late anaphase, as during MI and
as observed in other organisms (see above). BUB1
remains phosphorylated during the MII arrest as it is
upon microtubule depolymerization. An intact spindle

is required for egg activation (Winston et al., 1995),
indicating that the spindle checkpoint can be activated
during the MII arrest. However, the perfect alignment
of the chromosomes observed by videomicroscopy
during this arrest (Brunet et al., 1999) indicates that
the spindle checkpoint has probably been turned off.
BUB1 phosphorylation is required for spindle checkpoint
activity (Yamaguchi et al., 2003). However, it is not
known whether its dephosphorylation is necessary to
turn off the checkpoint or whether it takes place at
anaphase when BUB1 leaves the kinetochore. Finally,
cyclin B degradation has been shown to occur during
the MII arrest in mouse oocytes, and MPF activity is
maintained through an equilibrium between cyclin B
degradation and synthesis (Kubiak et al., 1993). In all
systems analysed so far, spindle checkpoint activity
completely prevents cyclin B degradation. These data
provide strong evidence against involvement of a simple
spindle checkpoint in CSF arrest.

Moreover, an alternative pathway for BUB1 phos-
phorylation, dependent on the MOS/. . . /MAP kinase
pathway, has been described in Xenopus oocytes
(Schwab et al., 2001). In addition, BUB1 appears to
be required to establish the MII arrest in Xenopus egg
extract (Tunquist et al., 2002). In mouse mos –/– oocytes,
BUB1 phosphorylation occurs in MI and during the
metaphase III arrest, when the spindle checkpoint is
active. However, the lack of MII arrest in these oocytes
did not allow us to investigate BUB1 phosphorylation
biochemically at that stage. In conclusion, our data
indicate that BUB1 may contribute to metaphase arrest
in mouse oocytes independent of checkpoint activation.
The putative contribution of BUB1 in this arrest and a
possible regulation by the MOS/. . . /MAP kinase pathway
remains to be investigated through gain and loss of
function experiments.
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