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SUMMARY

Chromosome segregation in mammalian oo-
cytes is driven by a microtubule spindle lacking
centrosomes. Here, we analyze centrosome-
independent spindle assembly by quantitative
high-resolution confocal imaging in live matur-
ing mouse oocytes. We show that spindle
assembly proceeds by the self-organization
of over 80 microtubule organizing centers
(MTOCs) that form de novo from a cytoplasmic
microtubule network in prophase and that func-
tionally replace centrosomes. Initially distrib-
uted throughout the ooplasm, MTOCs congress
at the center of the oocyte, where they contrib-
ute to a massive, Ran-dependent increase of
the number of microtubules after nuclear enve-
lope breakdown and to the individualization of
clustered chromosomes. Through progressive
MTOC clustering and activation of kinesin-5,
the multipolar MTOC aggregate self-organizes
into a bipolar intermediate, which then elon-
gates and thereby establishes chromosome
biorientation. Finally, a stable barrel-shaped
acentrosomal metaphase spindle with oscillat-
ing chromosomes and astral-like microtubules
forms that surprisingly exhibits key properties
of a centrosomal spindle.

INTRODUCTION

Female meiotic spindles lack centrosomes in many spe-

cies, including Drosophila, C. elegans, Xenopus, chicken,

mice, humans, and all other mammals so far analyzed

(Manandhar et al., 2005). Using live cell confocal micros-

copy, acentrosomal spindle assembly has been analyzed

in Drosophila (Skold et al., 2005) and Xenopus oocytes

(Gard, 1992). However, spindle assembly in mammalian

oocytes has so far only been observed at relatively low

temporal and spatial resolution (Dumont et al., 2007;

Sorensen, 1973) so that chromosome and microtubule
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dynamics could not be analyzed quantitatively. The spe-

cific course of assembly is therefore still unknown (Brunet

and Maro, 2005).

Much of the evidence for current mechanistic models of

centrosome-independent spindle assembly comes from

experiments performed in Xenopus egg extracts. In this

cell-free system, functional bipolar spindles can form

around DNA-coated beads in the absence of centro-

somes (Heald et al., 1996), and they differ from mitotic

spindles in that they are barrel shaped and lack astral mi-

crotubules and oscillating chromosomes (Desai et al.,

1998; Maddox et al., 2003). The GTP-bound form of the

small G protein Ran is proposed to drive assembly of

such spindles by promoting chromosomal microtubule

nucleation (Bastiaens et al., 2006; Caudron et al., 2005;

Kalab et al., 2006). However, the importance of chroma-

tin-mediated microtubule nucleation for meiotic spindle

assembly in vivo remains to be tested, as a recent study

suggests that Ran is not required to form the first meiotic

spindle in both mouse and Xenopus oocytes (Dumont

et al., 2007). Also, vertebrate oocytes contain acentriolar

microtubule organizing centers (MTOCs) that may substi-

tute centrosomes during acentrosomal spindle assembly.

Little is known about the nature and function of meiotic

MTOCs. In mouse, they contain the pericentriolar material

components g-tubulin (Gueth-Hallonet et al., 1993; Pala-

cios et al., 1993) and pericentrin (Carabatsos et al.,

2000), but their developmental origin is controversial (Cal-

arco, 2000; Can et al., 2003; Mattson and Albertini, 1990),

and their microtubule nucleation properties are unknown.

Different numbers of MTOCs have been observed, and

different populations of MTOCs have been suggested to

participate in the process of spindle assembly (Combelles

and Albertini, 2001; Maro et al., 1985; Messinger and

Albertini, 1991; Van Blerkom, 1991), but their function dur-

ing spindle assembly has not been established. In vivo

studies are therefore necessary to understand how exactly

meiotic spindles form and whether spindle assembly relies

on chromatin-mediated microtubule nucleation, the action

of multiple acentriolar MTOCs, or a combination of both.

In this study, we have used 4D confocal fluorescence mi-

croscopy to quantitatively analyze the functional dynamics

of single MTOCs, bivalent chromosomes, and microtubule

plus ends during the entire process of acentrosomal
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Figure 1. MTOCs Form De Novo from a

Dense Interphase-like Microtubule Net-

work

(A) Immunofluorescence of oocytes fixed at

different times after oocyte isolation (first two

panels: 0 min, third panel: 35 min, fourth panel:

50 min after isolation). Z-projection (three con-

focal sections, every 1.5 mm) of microtubules

(red), chromosomes (blue), and pericentrin

(green). Pericentrin signal appears yellow

where it colocalizes with microtubules. Insets

show magnified microtubule organization.

Oocytes in early and late prophase were dis-

criminated by their chromatin configuration: in

early prophase, the chromatin fills the whole

nuclear volume; in late prophase, the chroma-

tin forms clusters at the nuclear envelope and

around the nucleolus (Mattson and Albertini,

1990). The white circle marks the oocyte sur-

face. Scale bar is 10 mm. See also Movie S1.

(B) Z-Projection (33 confocal sections, every

2.4 mm) of two different oocytes with larger,

less numerous (upper panel) or smaller, more

numerous MTOCs (lower panel) expressing

EGFP-MAP4 (microtubules) during early matu-

ration. The oocyte in the lower row is displayed

inverted to highlight small MTOCs. Scale bar is

10 mm. Time, hh:mm relative to NEBD.

(C) Number of cytoplasmic asters plotted over

time during early oocyte maturation as deter-

mined from 4D data sets of oocytes expressing

EGFP-MAP4 (33 confocal sections, every

2.4 mm, Z stacks recorded every 231 s).

Averages and standard deviations from four

independent experiments are shown. See also

Figure S1.
spindle assembly at high spatial and temporal resolution.

Based on our data, we propose a new model of acentroso-

mal spindle assembly that relies on the self-organization of

numerous acentriolar MTOCs, which functionally replace

centrosomes. We show that MTOCs center at the nucleus,

where they contribute to a Ran-dependent massive in-

crease of the number of microtubules after nuclear enve-

lope breakdown (NEBD), promote chromosome bivalent

individualization, and progressively cluster into a bipolar

spindle through the activity of kinesin-5.

RESULTS

MTOCs Form De Novo from a Dense Interphase-like

Microtubule Network

To address the biogenesis of MTOCs in mouse oocytes,

we analyzed the distribution of microtubules and pericen-

trin by 3D immunofluorescence from early to late prophase

and during meiotic maturation. In early prophase, oocytes

contained a dense interphase-like microtubule network

with one to three cytoplasmic pericentrin foci (Figure 1A,

first panel; Movie S1). In late prophase, microtubule den-
sity decreased slightly, and additional pericentrin foci ap-

peared at network junctions and on the nucleus (Figure 1A,

second panel; Movie S1). During meiotic maturation,

microtubule network density diminished further (Figure 1A,

third panel; Movie S1), while microtubule numbers in-

creased locally at pericentrin foci, so that just before

NEBD, the microtubule network had been replaced by

many asters of variable size (Figure 1A, fourth panel; Movie

S1). In summary, the vast majority of MTOCs forms de novo

from a cytoplasmic microtubule network in prophase.

To measure the kinetics of aster formation, we recorded

4D data sets of microtubules labeled with MAP4-EGFP

(Olson and Olmsted, 1999) in live oocytes (Figure 1B). In

the first 30 min after onset of maturation, only 9 ± 5 asters

were present in the cytoplasm (Figures 1C and S1; n = 4

oocytes). Subsequently, their number increased to 64 ±

15 at NEBD. In addition, approximately 10 to 25 asters

were associated with the nuclear envelope (Figures 1B

and S1) so that on average �80 microtubule asters were

present in mouse oocytes at NEBD consistent with immu-

nofluorescence analysis of endogenous microtubules

(Movies S1 and S2).
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MTOC Microtubule Nucleation Is Similar

to that of Centrosomes

To address whether the MTOCs have similar functional

properties as centrosomes, we measured the growth and

nucleation rates of MTOC microtubules using the plus-

end marker EB3-mEGFP (Stepanova et al., 2003) in the cy-

toplasm and at the nucleus before and immediately after

NEBD (Figure S2). Kymograph analyses revealed that

MTOC-nucleated microtubules grew with a velocity of

�21 mm/min independent of their position or time relative

to NEBD (Figure S2), well within the range reported for mi-

totic centrosomes (12–40 mm/min; Belmont et al., 1990;

Hayden et al., 1990; Rusan et al., 2001; Srayko et al., 2005).

The nucleation rate of single MTOCs was proportional

to MTOC size, averaging 49 ± 13/min before (n = 7) and

64 ± 30/min immediately after NEBD (n = 6), similar to

the numbers reported for mitotic centrosomes in pro-

phase and prometaphase (�60 /min; Piehl et al., 2004).

Thus, mouse oocyte MTOCs have very similar microtubule

nucleation properties as centrosomes, suggesting that

they can substitute their function.

Cytoplasmic and Perinuclear MTOCs Cluster

between Chromosomes after NEBD

Next, we wanted to determine whether only perinuclear or

also cytoplasmic MTOCs contribute to spindle assembly.

Tracking cytoplasmic MTOCs revealed that they relocated

from periphery to center of the oocyte, where they partic-

ipated in spindle assembly (Figures 2A–2C; Movie S3).

Most MTOCs moved in a stop-and-go directional manner

with velocities around 0.4 mm/min, although peak veloci-

ties up to 3.8 mm/min were observed (Figure S3). These

dynamics are consistent with microtubule motors pulling

MTOCs to the nuclear envelope or attracting MTOCs to

each other. Our tracking data provide evidence for both

mechanisms. First, MTOCs moved directly toward the nu-

cleus, pushed against the nuclear envelope, and caused

invaginations (Figures S4 and S2A; Movie S4), resulting

in a microtubule network surrounding the nucleus (Fig-

ure 2D, panel 1; Movie S2). Second, overlapping micro-

tubules connected cytoplasmic and perinuclear MTOCs

(Figure 2D, panel 2; Movie S2) as well as cytoplasmic

MTOCs (Figure 2D, panel 3; Movie S2). Third, MTOCs

moved toward each other and formed larger MTOC clus-

ters independent of the nucleus (Figure 2E). Overall, the

nucleus (or chromosomes after NEBD) was the site of

highest MTOC concentration in the oocyte, explaining

the centripetal nature of MTOC movements. Interestingly,

cortical microtubule contacts were often maintained

during MTOC relocation (Figure 2D, panel 4; Movie S2),

suggesting that cortical repulsion could contribute to

MTOC centering.

Microtubules Are Predominantly Nucleated

from MTOCs during Early Spindle Assembly

Next, we investigated whether in mouse oocytes micro-

tubules are predominantly nucleated at chromosomes,

similar to acentrosomal spindle assembly in Xenopus
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egg extracts, or at MTOCs, similar to centrosomal spindle

assembly in mitotic cells. By labeling single microtubule

plus ends and chromatin, we could measure the amount

of microtubules relative to chromosomes. Before NEBD,

the nuclear envelope was probed but not penetrated

by microtubules originating from MTOCs (Figures 3A,

time �0:49, and S5, before NEBD). In the first 24 ± 10

min (n = 14) after NEBD, microtubule plus ends were

neither enriched on the chromatin surface nor moved

away from chromosomes, indicating that chromosomal

nucleation does not account for microtubules formed dur-

ing early spindle assembly (Figure 3A, time 0:00–0:08).

Immunofluorescence analysis of endogenous microtu-

bules and chromosomes after NEBD confirmed that mi-

crotubules are predominantly found at MTOCs but not on

the surface of chromosomes at this stage (Figure S5, at

NEBD and after NEBD). During later spindle assembly,

MTOCs clustered into a multipolar microtubule ball in close

proximity to chromosomes, precluding to spatially distin-

guish microtubule nucleation at MTOCs or chromosomes

(Figures 3A, time 0:25–1:22, and S5, chromosomes and

MTOCs mix; Movie S5).

After NEBD, Microtubule Number Increases

Massively in a Ran-Dependent Manner

Next, we used plus-end labeling of microtubules to ana-

lyze their number over time (Figure 3B, control). Quantita-

tion revealed that microtubules were depleted rapidly from

the cytoplasm while their number increased �35-fold

around MTOC clusters at chromosomes by 25 min after

NEBD (Figure 3C), when nucleation could still be clearly

attributed to MTOCs. This corresponds to more than

20003 the number of microtubules present on individual

cytoplasmic MTOCs (Figure 3C, purple curve) and can

therefore not be due to clustering of the �80 preformed

cytoplasmic MTOCs but instead represents de novo nu-

cleation by the centering MTOCs. The exact correlation

with NEBD suggested that the increase in microtubules

is triggered by the release of nuclear factors. We therefore

tested the requirement of Ran-GTP by injecting oocytes

with purified RanT24N, which blocks Ran-GTP production

by sequestering Ran’s guanine nucleotide-exchange fac-

tor, RCC1, in an inactive, stable complex (Klebe et al.,

1995). At a more than 4-fold excess over the estimated en-

dogenous concentration (see Experimental Procedures),

RanT24N prevented nuclear import in prophase-arrested

oocytes, indicating that it efficiently inhibited Ran-GTP

production (Figure S6). In maturing RanT24N-injected

oocytes, the number of microtubules did not increase for

�2 hr after NEBD (Figures 3B and 3D, green curve) while

mock-injected cells showed the massive increase after

NEBD (Figure 3D, purple curve), which is therefore Ran

dependent.

After an �2 hr delay, however, the number of micro-

tubules increased slowly in RanT24N-injected oocytes

and allowed the formation of a spindle that contained

less than half as many microtubules as in control oocytes

(Figures 3D and S6C). Given the large excess of Ran T24N



Figure 2. MTOCs Move Centripetally after NEBD and Interact with Each Other

(A) Time-lapse imaging of MTOCs in live mouse oocytes expressing EGFP-MAP4 (green, microtubules) and H2B-mRFP1 (chromosomes, red) merged

with DIC images (upper panel). The EGFP-MAP4 signal (lower panel) was contrast and brightness adjusted to visualize cytoplasmic MTOCs. The

black sphere visible in the cytoplasm is an oil droplet resulting from the microinjection procedure. Scale bar is 10 mm. Time, hh:mm relative to

NEBD. See also Movie S3.

(B) MTOC tracks for the data set shown in (A) superimposed on EGFP-MAP4 signal (microtubules). Scale bar is 10 mm. Time, hh:mm relative to NEBD.

(C) Distances of MTOCs from their final position in the MTOC cluster plotted over time, calculated from (B).

(D) Immunofluoresence of an oocyte after complete aster formation just prior to NEBD. Z-projection (30 confocal sections, every 0.3 mm) of micro-

tubules (green) and chromosomes (red). Microtubule connections between MTOCs on the nucleus (box 1), MTOCs on the nucleus and in the

cytoplasm (box 2), two cytoplasmic MTOCs (box 3), and between MTOCs and the cortex (box 4) are highlighted, and the corresponding areas are

shown magnified. The white circle marks the oocyte rim. Scale bar is 5 mm. See also Movie S2.

(E) Imaging of cytoplasmic MTOCs in live mouse oocytes expressing EGFP-MAP4 (green, microtubules) and H2B-mRFP1 (red, chromosomes).

Colored arrowheads highlight relative positions of three MTOCs. Time, mm:ss. Scale bar is 10 mm.
we used and the efficient block of nucleocytoplasmic

transport, it is unlikely that residual Ran-GTP drove this

delayed increase in microtubule number. More likely this
represents a second, Ran-independent phase of micro-

tubule nucleation. To test whether it requires nuclear fac-

tors, we enucleated oocytes at different times after onset
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Figure 3. A Ran-Dependent Massive Increase in Microtubule Number after NEBD

(A) Time-lapse imaging of a maturing oocyte expressing EB3-mEGFP (microtubule plus ends, green) and H2B-mRFP1 (chromosomes, red) merged

with DIC (upper panel) and magnified (lower panel). The sphere in the cytoplasm visible in the DIC channel is an oil droplet resulting from the micro-

injection procedure. Scale bar is 10 mm. Time hh:mm relative to NEBD.

(B) Pseudocolor representation of EB3-mEGFP signal in control (upper panel) or RanT24N-injected oocytes (lower panel). The corresponding look-up

table is shown as a bar (last panels). Scale bar is 10 mm. Time hh:mm relative to NEBD.

(C) The theoretical number of preNEBD MTOCs that correspond to the actual number of microtubules in a 7 mm radius around the chromatin

(purple curve) was determined from oocytes expressing EB3-mEGFP and H2B-mRFP1 like in (A). In addition, the fraction of microtubules in the

cytoplasm (in a distance of more than 7 mm from the chromosomes, green curve) is displayed. Averages and standard deviations from ten oocytes

are shown.
488 Cell 130, 484–498, August 10, 2007 ª2007 Elsevier Inc.



of maturation and analyzed their microtubule organiza-

tion by immunofluorescence staining 10–12 hours after

enucleation. None of the enucleated oocytes formed a

spindle-like structure (n = 50) but instead contained only

loosely connected MTOC asters that were more clustered

in cells enucleated closer to NEBD (Figure 3E). Assuming

that Ran-GTP production was fully inhibited in our

RanT24N experiments, the complete absence of spindle-

like structures in enucleated oocytes suggests that the

second phase of microtubule nucleation requires nuclear

factors other than Ran.

Bivalents Individualize through Microtubule-

Dependent Centrifugal Sorting

Our observation of chromosomes during MTOC centering

revealed that clusters of multiple chromosomes around

the nucleolus and at the nuclear envelope (Figure 4A,

time �0:19), resolved into single bivalent chromosomes

(Figure 4A; Movie S7). Bivalent individualization coincided

with the first microtubule-chromatin contacts and MTOC

aggregation (Figures 3A and 4A), indicating that these pro-

cesses may be coupled. To test this, we tracked individual

bivalents relative to microtubule tip dynamics (Figures 4A

and 4B; Movie S7) and found that interchromosome dis-

tances increased during MTOC clustering (Figure 4E).

Chromosomes that had surrounded the nucleolus individ-

ualized by centrifugal movements with a velocity of 0.54 ±

0.35 mm/min (Figures 4C and 4F) until they reached the pe-

riphery of the congressing MTOCs (Figure 4A; Movie S7).

By contrast, individualization of the chromosome clusters

that were already located at the periphery of the nucleus

was achieved through separation on the surface of the

MTOC cluster (Figure 4D) without centrifugal movement

(Figure 4G). In this manner, a microtubule ball formed

that carried the majority of chromosomes on its surface

as single bivalents, thereby resulting in the circular biva-

lent configuration that has been described previously

(Calarco et al., 1972). Chromosome individualization was

microtubule-dependent since depolymerization of micro-

tubules caused the collapse of chromosomes into a single

chromatin mass (Figure 4H), consistent with previous

observations (Longo and Chen, 1985; Van Blerkom and

Bell, 1986). In summary, chromosome bivalents are

individualized during MTOC clustering in a centrifugal

microtubule-dependent sorting process.

Spindle Bipolarization Is Achieved by Progressive

Clustering of Multiple Poles

The microtubule ball is an apolar structure formed out of

many MTOCs. To analyze how it is transformed into a

bipolar spindle, we recorded high-resolution 4D data of
microtubule tips during spindle bipolarization (Figure 5).

After MTOC aggregation was complete (Figure 5A, time

0:00–1:16), multiple poles were ejected from the micro-

tubule ball into apparently random directions (Figure 5A,

time 1:36–2:10). Immunofluorescence of g-tubulin (Fig-

ure S7, microtubule ball) revealed well-defined g-tubulin

foci on the surface of the ball, likely corresponding to the

multiple poles forming at this stage. In addition, g-tubulin

was evenly enriched inside the microtubule ball, explain-

ing its high microtubule density. In live oocytes, these

multiple poles then progressively clustered until two dom-

inant poles had formed (Figure 5A, time 2:45–3:05) that

determined the direction of bipolar spindle elongation

(Figure 5A, time 3:19–3:39). At the end of spindle elonga-

tion, an acentrosomal spindle with two broad g-tubulin-

containing poles had formed (Figures 5A, time 3:39, and

S7, barrel-shaped spindle).

Kinesin-5 Is Required for Pole Ejection

and Spindle Bipolarization

To test whether the ejection of multiple poles and subse-

quent spindle elongation could be explained by activation

of the tetrameric plus-end-directed motors of the kinesin-

5 family, like Kif11, the mouse ortholog of Eg5 that slides

antiparallel microtubules apart (Kapitein et al., 2005), we

inhibited kinesin-5 activity with monastrol (Mayer et al.,

1999). Even at 100 mM monastrol did not affect MTOC re-

cruitment (Figure S8), MTOC clustering after NEBD

(Figure 5B; Movie S8), or the kinetics of microtubule ball

formation (1hr 10 min ± 15 min after NEBD in monastrol-

treated oocytes (n = 19); 1hr 12 min ± 20 min after NEBD

in DMSO-treated control oocytes (n = 11). Monastrol,

however, blocked spindle assembly in the microtubule

ball stage in 53/53 oocytes, while a normal spindle assem-

bled in 44/44 DMSO-treated control oocytes (Figure 5B;

Movie S8), showing that activation of kinesin-5 is required

for pole ejection and bipolarization.

Astral-like Microtubules Form

during Spindle Bipolarization

Once formed, the bipolar spindle surprisingly contained

astral-like microtubules that probed the oocyte cortex

(Figure S9; Movie S9) and may therefore participate in

spindle positioning in addition to an actin-dependent pro-

cess already reported in mouse oocytes (Longo and Chen,

1985). To explore the mechanism of astral-like microtu-

bule formation, we observed individual microtubule plus

ends in the process of spindle bipolarization in live oo-

cytes (Figure 5C). During MTOC aggregation, some of

the microtubule plus ends originating from the region of

the forming spindle extended far into the cytoplasm
(D) The total plus-end intensity in a 7 mm radius around the chromatin was determined from oocytes expressing EB3-mEGFP and H2B-mRFP1 that

were injected with RanT24N (green curve) or with an equivalent mass of BSA in identical buffer (purple curve). Both curves represent averages and

standard deviations from six oocytes.

(E) Immunofluorescence of oocytes (Z-Projection: 28 slices, every 2 mm) that were enucleated at the indicated time after onset of maturation and fixed

�10–12 hr later. Microtubules are shown in green, and chromosomes are shown in red. Absence of chromatin in enucleated oocytes was confirmed

by visual inspection. Scale bar is 10 mm.
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Figure 4. Bivalents Individualize through Microtubule-Dependent Centrifugal Sorting

(A) Time-lapse imaging of a maturing oocyte expressing EB3-mEGFP (microtubule plus ends, green) and H2B-mRFP1 (chromosomes, red). Z-pro-

jections (eight confocal sections, every 4 mm) of H2B-mRFP1 signal (lower panel) and merged with EB3-mEGFP signal (upper panel) are shown. Scale

bar is 10 mm. Time hh:mm relative to NEBD. See also Movie S7.

(B) 3D tracks representing individual chromosome movements from 9 until 70 min after NEBD are shown. For clarity, only every second measured

position is displayed as the average of two successive positions. The dark gray circle marks the region of the nucleolus; the light gray shading the

nuclear envelope. Small gray spheres mark initial chromosome positions.

(C) As in (B), but only the movements of chromosomes surrounding the nucleolus are shown.

(D) As in (B), but only the movements of chromosomes in proximity to the nuclear envelope are shown.

(E) Histogram displaying the counts of interchromosome distances <15 mm (green) and >15 mm (red) from 9 until 70 min after NEBD.

(F) The distance of the nucleolus-surrounding chromosomes from the center of the nucleolus is plotted over time, relative to NEBD. The colors of the

curves correspond to the colors of the respective chromosome tracks shown in (C).

(G) The distance of the chromosomes in proximity to the nuclear envelope is plotted over time, relative to NEBD. The colors of the curves correspond

to the colors of the respective chromosome tracks shown in (D).

(H) Time-lapse imaging of an oocyte maturing in the presence of 3 mg/ml nocodazole. The oocyte expresses H2B-mRFP1 (chromosomes). Tracking

the chromosomes was not possible due to the lack of chromosome individualization. Scale bar is 10 mm. Time hh:mm relative to NEBD.
490 Cell 130, 484–498, August 10, 2007 ª2007 Elsevier Inc.



Figure 5. Kinesin-5-Dependent Spindle

Bipolarization and Astral Microtubule

Formation

(A) Time-lapse imaging of a maturing oocyte

expressing EB3-mEGFP (microtubule plus

ends). Z-projections of two anisotropic diffu-

sion-filtered optical sections, 6 mm apart, are

represented in pseudocolor. The correspond-

ing look-up table is shown as a bar (last panel).

White arrows mark the directionality of MTOC

movements and highlight pole positions. Scale

bar is 10 mm. Time, hh:mm.

(B) Time-lapse imaging of maturing oocytes

expressing EGFP-MAP4 (microtubules, green)

and H2B-mRFP1 (chromosomes, red) that

were treated with 100 mM monastrol (upper

panel) or DMSO (lower panel). Scale bar is

10 mm. Time hh:mm. See also Movie S8.

(C) Time-lapse imaging of a maturing oocyte

expressing EB3-mEGFP. Z-projections of two

contrast and brightness adjusted and inverted

optical sections, 6 mm apart, are shown. At

time 3:19 and 3:39, insets show magnified

astral-like microtubule plus ends. Scale bar is

10 mm. Time, hh:mm. See also Movie S9.
(Figure 5C, time 0:00; Movie S5). The length of these mi-

crotubules decreased while the microtubule ball formed,

but a significant number of plus ends remained orientated

toward the cytoplasm (Figure 5C, time 0:00–1:16). During

bipolarization, the plus ends of outer microtubules located

between the two poles became integrated into the spindle

body, while the length of microtubules pointing from the

poles to the cortex increased, thereby producing astral-

like microtubules (Figure 5C, time 2:58–3:39).

Spindle Bipolarization Precedes Chromosome

Biorientation

The axis of the bipolarizing spindle could be determined

by MTOC self-organization or the chromosome config-

uration. To discriminate between these possibilities, we

analyzed whether chromosome biorientation precedes

spindle elongation (Figures 6B and 6E) by measuring the

fraction of bioriented chromosomes and the increase in

spindle length over time (for details, see Supplemental

Experimental Procedures). We found that individual chro-

mosome bivalents were bioriented during spindle elonga-

tion in an �30 min stretching process with linear kinetics

(Figures 6A and 6D) only after spindle elongation was ini-

tiated (Figures 6B and 6E). Thus, spindle bipolarization is

independent of chromosome biorientation and therefore
most likely achieved through motor-mediated MTOC

self-organization.

Bioriented Chromosomes Oscillate

around the Metaphase Plate

To test if the acentrosomal metaphase I spindle exhibits

additional functional characteristics of centrosomal spin-

dles, we analyzed the dynamic behavior of bioriented

chromosomes by tracking their position relative to the

spindle midplane over time (Figure 6C). We found that

after initial biorientation, the majority of chromosomes

did not revert to monopolar attachment. Interestingly, sta-

ble chromosome biorientation not only occurred without

detectable kinetochore fibers, but, at a time, when micro-

tubule bundles were conspicuously absent from the ends

of the telocentric bivalent chromosomes (Figure 6C, time

1:10, arrow). Once bioriented, the chromosomes per-

formed slow oscillatory movements with a range of up to

3 mm around the metaphase plate (Figure 6F) reaching

maximum velocities of �0.5 mm/min, with average veloci-

ties around only 0.1 ± 0.1mm/min. This is in contrast to

chromosome behavior in Xenopus egg extract spindles,

where chromosomes do not oscillate (Desai et al., 1998;

Maddox et al., 2003). However, the oscillatory chromo-

some velocities we measured were lower than those
Cell 130, 484–498, August 10, 2007 ª2007 Elsevier Inc. 491



Figure 6. Spindle Elongation Precedes Chromosome Biorientation

(A) Time-lapse imaging of a maturing oocyte expressing EB3-mEGFP (microtubule plus ends, green) and H2B-mRFP1 (chromosomes, red; upper

panel). Boxed regions are magnified for the H2B-mRFP1 signal only in the lower panel. Scale bar is 10 mm. Time, hh:mm.

(B) Time-lapse imaging of a maturing oocyte expressing EB3-mEGFP (microtubule plus ends, green) and H2B-mRFP1 (chromosomes, red). Z-pro-

jections (five confocal sections, every 5 mm) of H2B-mRFP1 signal (lower panel) and merged with EB3-mEGFP signal (upper panel) are shown. Scale

bar is 10 mm. Time, hh:mm.

(C) Time-lapse imaging of a maturing oocyte expressing EGFP-MAP4 (microtubules, green) and H2B-mRFP1 (chromosomes, red), merged (upper

panel), or H2B-mRFP1 only (lower panel). Relative chromosome positions are marked by colored arrowheads. White arrow (Time: 1:10) highlights

the absence of microtubule bundles at kinetochores. Scale bar is 10 mm. Time, hh:mm.
492 Cell 130, 484–498, August 10, 2007 ª2007 Elsevier Inc.



reported for mitotic systems (�1.7 mm/min; Skibbens

et al., 1993).

DISCUSSION

Eighty MTOCs Are Formed De Novo and Participate

in Spindle Assembly

Our study clarifies several controversial issues in literature

regarding the origin and number of MTOCs that partici-

pate in spindle assembly in mouse oocytes. First, we

found that, on average, more than 80 MTOCs of variable

sizes are present in oocytes before NEBD. Previous stud-

ies reported fewer than 14 MTOCs (Messinger and Alber-

tini, 1991; Van Blerkom, 1991) but are likely to have missed

smaller MTOCs due to resolution limitations of wide-field

fluorescence microscopy in thick oocytes. Second, our

data clearly show that spindle assembly involves both

perinuclear as well as cytoplasmic MTOCs, a controversial

issue in previous reports (Calarco, 2000; Combelles and

Albertini, 2001; Messinger and Albertini, 1991; Van Bler-

kom, 1991). Third, we could demonstrate that the vast

majority of MTOCs are formed de novo from the inter-

phase-like microtubule network that spans the cytoplasm

of the oocyte during early prophase arrest. This is consis-

tent with a previous report (Mattson and Albertini, 1990)

but does not support the model that MTOCs form during

meiotic maturation (Calarco, 2000) by disintegration of

a large g-tubulin-positive ‘‘multivesicular aggregate.’’

A New Comprehensive Model for Acentrosomal

Spindle Assembly

This study is the first analysis of meiotic spindle assembly

in live mammalian oocytes using high-resolution confocal

microscopy. Our quantitative analysis of single chromo-

some, MTOC, and microtubule plus-end behavior com-

bined with targeted inhibition experiments (summarized

in Figure 7A) enables us to propose a new model of in vivo

acentrosomal spindle assembly based on self-organiza-

tion of multiple MTOCs by sequential activation of three

different microtubule motor activities (Figure 7B).

Our data reveal that after their de novo formation,

MTOCs moved centripetally by attracting each other

through direct MTOC-MTOC contacts, in agreement with

previous electron microscopy observations (Van Blerkom,

1991), and by direct interactions with the nuclear envelope

(Figure 7B, panel I). The attracting forces between MTOCs

and MTOCs and the nuclear envelope are consistent with

the action of oligomeric minus-end-directed motor pro-

teins (Figure 7B, panel I), such as dynein or members of

the kinesin-14 family, like Ncd, which are known to act at
the nuclear envelope of mammalian cells (Beaudouin

et al., 2002; Salina et al., 2002) and at microtubule asters

in Drosophila oocytes (Skold et al., 2005). Dynein also

drives the inward motion of microtubule bundles at the

G2-M transition in mitotic cells (Rusan et al., 2002), remi-

niscent of MTOC recruitment in mouse oocytes.

MTOCs remained the predominant nucleation sites of

new microtubule plus ends as long as they could be

spatially distinguished from chromosomes. Immediately

after NEBD, MTOCs mediated a RanGTP-dependent

enormous increase in microtubule mass, consistent with

Ran’s requirement to activate several spindle assembly

factors (Goodman and Zheng, 2006). After a 2 hr delay,

the number of microtubules slowly increased to about

half the normal number in oocytes, where Ran-GTP pro-

duction was inhibited. This increase was sufficient for

the delayed formation of a smaller bipolar spindle. In enu-

cleated oocytes, bipolar spindles were absent, suggesting

that nuclear factors other than Ran support the delayed

and weak spindle formation when Ran-GTP production

is inhibited. Our data are consistent with a recent report

that suggested that the assembly of the metaphase I spin-

dle in mouse and Xenopus oocytes is Ran independent

(Dumont et al., 2007) and provides the explanation why

spindles formed in the absence of Ran-GTP are delayed

and smaller than normal. It will be necessary to investigate

whether Ran-independent spindles support segregation

of bivalents and polar body extrusion with the same fidelity

as normal spindles before concluding that Ran is dispens-

able for spindle function in meiosis I.

After MTOC centering and the increase in microtubule

number, spindle assembly proceeded by centrifugal sort-

ing of chromosome clusters into single bivalents on the

surface of a microtubule ball, resulting in the circular biva-

lent configuration (Calarco et al., 1972; Figure 7B, panels I–

III). Centrifugal chromosome movements during individu-

alization are likely driven by interactions of microtubules

with chromosome arms since kinetochores were randomly

orientated relative to microtubules (Figure 7B, panel III).

The velocities of �0.53 mm/min of chromosomes toward

the plus ends of microtubules are consistent with the ac-

tion of chromokinesins, plus-end-directed motors with

low processivity known to be involved in chromosome

alignment on the surface of monoasters (Antonio et al.,

2000; Levesque and Compton, 2001; Yajima et al., 2003).

Next, the microtubule ball (Figure 7B, panel III) was

transformed into a bipolar spindle through a series of

MTOC clustering events (Figure 7B, panels IV–VI). First,

MTOCs formed multiple spindle poles that were ejected

from the microtubule ball (Figure 7B, panel IV). We found
(D) Quantitative analysis of individual bivalent stretching as shown in (A). The normalized angle between the two bivalent arms is plotted over time.

Averages and standard deviations from 12 measurements are shown.

(E) Quantitative analysis of spindle elongation and total chromosome biorientation as shown in (B). The normalized spindle elongation (green curve)

and the fraction of bioriented chromosomes (red curve) are plotted over time. Averages and standard deviations from five independent experiments

are shown.

(F) Quantitative analysis of chromosome oscillations around the metaphase plate as shown in (C). The distance of the chromosome centers from the

spindle center is plotted over time. Determination of metaphase plate and chromosome positions were performed as illustrated in (C; 0:00). The colors

of the curves correspond to the arrowhead colors marking the different chromosomes in (C).
Cell 130, 484–498, August 10, 2007 ª2007 Elsevier Inc. 493



Figure 7. A New Model of Acentrosomal Spindle Assembly

(A) Summary of acentrosomal spindle assembly in mouse oocytes. The different stages of spindle assembly (color-labeled fields), their duration (du-

ration; colored bars refer to color-labeled fields; averages and standard deviations from 14 experiments are shown), a schematic representation of

each stage (scheme), as well as the corresponding MTOC (MTOCs)- and chromosome (chromosomes)-related events are listed. The top panel shows

stage-specific time-lapse images of a maturing oocyte expressing EGFP-MAP4 (microtubules, green) and H2B-mRFP1 (chromosomes, red) merged

with DIC. The sphere in the cytoplasm visible in the DIC channel is an oil droplet resulting from the microinjection procedure. Scale bar is 10 mm. Time,

hh:mm relative to NEBD. See also Movie S10.

(B) Mechanistic model of acentrosomal spindle assembly in mouse oocytes. The different objects are specified in the legend field. Arrows describe

directionality of MTOC (I) or chromosome (III) movement, respectively. For details, see Discussion.
494 Cell 130, 484–498, August 10, 2007 ª2007 Elsevier Inc.



that Kif11 (kinesin-5), the mouse ortholog of Eg5, is re-

quired for multiple pole ejection and spindle bipolarization

(Figure 7B, panel IV). The continued activity of oligomeric

minus-end-directed motors such as dynein or Ncd that led

to the initial MTOC centering would counteract Kif11 and

promote MTOC clustering, explaining the fusion of several

small poles into larger ones until two dominant spindle

poles had formed (Figure 7B, panel V). Only in this bipolar

configuration can microtubules be stably aligned by the

two opposed motor activities (Karsenti and Nedelec,

2004).

Once a bipolar spindle axis had been established, the

spindle elongated, presumably also driven by kinesin-5

(Figure 7B, panel VI). Spindle elongation was followed by

the establishment of chromosome biorientation, indicat-

ing that microtubule kinetochore contacts had formed.

However, we did not observe prominent fibers ending at

telocentric kinetochores throughout metaphase I, which

may explain why kinetochore microtubule interactions

could not be detected in an ultrastructural study in this

stage (Brunet et al., 1999). In addition, chromokinesins

are likely to link chromosomes to microtubules and

thereby support chromosome alignment (Figure 7B, panel

VI). In total, metaphase I spindle assembly takes more

than 4 hr (Figure 7A). In contrast, the metaphase II spindle

forms within only �90 min by reorganization of the half of

the central spindle that stays in the oocyte after polar body

extrusion (data not shown).

In summary, a simple model of sequential activation of

three known microtubule motor activities and a Ran-

dependent increase of the number of microtubules after

NEBD are sufficient to explain the apparently complex

series of MTOC self-organization intermediates we ob-

served during spindle formation in meiosis I of mouse oo-

cytes. This mechanism produced a bipolar acentrosomal

spindle that shares most properties of centrosomal

mitotic spindles, including astral-like microtubules and

oscillating chromosomes. In contrast to centrosome con-

taining prepolarized starfish oocytes (Lenart et al., 2005),

filamentous actin was not required for correct chromo-

some capture and spindle assembly (Figure S10), as

was also reported previously (Wassarman and Fujiwara,

1978). In addition to kinesin-5, our model proposes

clear candidate microtubule motor activities that will be

very interesting to test in future studies using the live

cell imaging assays we established. Female germline-

specific mouse knockout approaches (Kudo et al.,

2006) will be invaluable for such studies as many of the

involved activities are likely to be essential for embryonic

development. Finally, it is interesting to note that the re-

verse process occurs before fertilization, when MTOCs

transform into a fine microtubule lattice filling the mouse

egg during pronuclear migration (Schatten et al., 1985).

Thus, the de novo formation and disassembly of numer-

ous MTOCs apparently serve as a flexible microtubule

organizing system for several essential microtubule-de-

pendent steps of meiosis and fertilization in mammalian

oocytes.
EXPERIMENTAL PROCEDURES

Preparation and Culture of Oocytes

Ovaries were collected from 8-week-old FVB or 3-week-old SJLxB6 F1

mice that were maintained according to the guidelines of EMBL Labo-

ratory Animal Resources, 44–48 hr after priming with 5 IU pregnant

mare serum gonadotropin. Oocytes were isolated by puncturing the

ovaries with needles in M2 medium. If oocytes were isolated for micro-

injection, the medium was supplemented with 250 mM dbcAMP (dibu-

tyryl cyclic AMP) to maintain prophase arrest. For immunofluorescence

analysis in Figures 1A, 2D, S5, S7, S9, and S10A freshly isolated oo-

cytes without dbcAMP arrest were used. Residual follicle cells were re-

moved by mouth pipetting. To induce resumption of meiosis, oocytes

were washed with and incubated in dbcAMP free medium. For live

cell imaging, oocytes were cultured in LabTek chambered cover

glasses (Nunc) in either M2 medium maintained at 37�C by an air stream

incubator (ASI 400; Nevtek) and an objective heater (Bioptechs) or in

M16 medium in an EMBL environmental microscope incubator

(EMBL, GP 106) allowing cells to be maintained in a 5% CO2 atmo-

sphere at 37�C with humidity control during imaging. To improve the

adhesiveness of the oocytes, the zona pellucida was partially removed

in some experiments using Tyrode’s acidic solution (Sigma). Under

these culture conditions, the efficiency of polar body extrusion was

82 ± 9%; only 13 ± 4% of the oocytes arrested in metaphase I and

only 5 ± 6% died, mostly at the beginning of the experiment, due to

rupture of the plasma membrane by Tyrode’s acidic solution (five inde-

pendent experiments, 63 oocytes). In some experiments, the medium

was supplemented with 3 mg/ml nocodazole, 3 mg/ml cytochalasin D,

100 mM monastrol (Sigma), or corresponding amounts of DMSO in

controls.

Micromanipulation

Oocytes were injected based on methods described elsewhere (Jaffe

and Terasaki, 2004) with some modifications. To hold the oocytes dur-

ing microinjection, an ‘‘injection slit’’ was generated by assembling two

coverslips around a spacer consisting of a 100 mm thick piece of dou-

ble stick tape. The oocytes were strung in the slit by mouth pipetting

and pushed to the base of the slit using the injection needle so that

the resistance of the adjacent tape kept the oocytes in place during

the microinjection procedure. The injected volumes ranged between

10–15 pl (3%–5% of the oocyte volume) of 1–2 mg/ml mRNA. The con-

centration of RanT24N (Franz et al., 2007) after microinjection (15 pl of

268 mM stock) was 13 mM, corresponding to an �4–13-fold excess

over endogenous Ran in Xenopus eggs (Clarke and Zhang, 2001;

Palacios et al., 1996). After injection, the oocytes were collected

from the slit by suction applied with a mouth pipette. mRNA-injected

oocytes were incubated at 37�C for 2–3 hr in M2 medium containing

dbcAMP as described above to allow recombinant protein expression.

Enucleation was based on methods described previously (McGrath

and Solter, 1983). Briefly, oocytes were incubated in medium contain-

ing 3 mg/ml cytochalasin D for 30 mins before removal of the karyoplast

using Eppendorf TransferTips (ES).

Confocal Microscopy and Image Analysis

Time-lapse image acquisitions were performed using a customized

Zeiss LSM510 confocal microscope equipped with a 403 C-Apochro-

mat 1.2 NA water immersion objective lens (Carl Zeiss, Jena) with an

in-house-developed 3D multilocation tracking macro (Rabut and Ellen-

berg, 2004). Typically, we recorded the whole oocyte volume or a sub-

volume centered around chromosomes by 3D time-lapse (4D) imaging

for multiple cells in parallel.

GFP was excited with the 488 nm line of an argon laser and detected

by using a 505–550 nm band-pass or a 500 nm long-pass emission

filter. mRFP1 was either excited using a 532 nm solid-state laser and

detected with a 545 nm long-pass emission filter or with a 543 nm he-

lium/neon laser in combination with a 560 nm long-pass emission filter.
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3D reconstructions and tracking were performed using Imaris

(Bitplane). Microtubule growth rates were determined with an in-

house-developed kymograph macro (http://www.embl.de/eamnet/

html/kymograph.html) in ImageJ (http://rsb.info.nih.gov/ij/). Growth

rates and tracks were analyzed with Excel (Microsoft). Figures were as-

sembled with Illustrator and Photoshop (Adobe Systems).

Expression Constructs and mRNA Synthesis

To generate the constructs for in vitro RNA synthesis, the EGFP

(Clontech) or mRFP1 (Campbell et al., 2002) coding sequence and

previously published protein-coding sequences were fused to obtain

H2B-mRFP1 (Kanda et al., 1998), EGFP-MAP4 (Olson and Olmsted,

1999), EB3-mEGFP (Stepanova et al., 2003), and C-moesin-mRFP1

(Litman et al., 2000) and were inserted into pGEMHE (Liman et al.,

1992) for in vitro transcription. After linearization of the template with

AscI, capped mRNA was synthesized using T7 polymerase (mMes-

sage mMachine kit, following manufacturer’s instructions, Ambion)

and dissolved in 11 ml water. mRNA concentrations were determined

on ethidium bromide agarose gels by comparison with an RNA stan-

dard (Ambion).

Immunofluorescence

For optimal preservation of cytoskeletal oocyte structures, all-in-one

microdishes suitable for fixation, immunofluorescence staining, and

subsequent microscopy were assembled. To generate the micro-

dishes, holes (Ø 6 mm) were punched into an �1 mm thick silicone

mat (EMBL, mechanical workshop), which was then assembled on

a 1-well LabTek chambered cover glass (Nunc) using silicone grease

(Bayer). All steps described below were performed in the microdishes

by exchanging the supernatant liquid while the oocytes resided at the

bottom of the dish. After removal of the zona pellucida using Tyrode’s

acidic solution, oocytes were fixed for 1 hr at 37�C with 100 mM HEPES,

50 mM EGTA, 10 mM MgSO4, 2% Formaldehyde, and 0.2% Triton X-

100 and extracted in PBS supplemented with 0.1% Triton X-100 at

4�C overnight based on methods described elsewhere (Strickland

et al., 2004). Antibody incubations were performed in PBS, 3% BSA,

and 0.1% Triton X-100 using mouse anti-a-tubulin (DM 1A, Sigma;

1:700), anti-g-tubulin (GTU 88, Sigma; 1:250), anti-pericentrin (30, BD

Biosciences; 1:300), and rat anti-tyrosinated-a-tubulin (YL1/2, Serotec;

1:100) as primary antibodies and Alexa-488-labeled anti-mouse (Mo-

lecular Probes; 1:500) or Alexa-680-labeled anti-rat (Molecular Probes;

1:200) as secondary antibodies at 25�C for 2 hr. Actin was stained with

rhodamine-phalloidin (Molecular Probes; 1:100). DNA was stained with

5 mg/ml Hoechst 33342 (Molecular Probes).

Supplemental Data

Supplemental Data include Experimental Procedures, References, ten

figures, and ten movies and can be found with this article online at

http://www.cell.com/cgi/content/full/130/3/484/DC1/.
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