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Introduction
Polar body extrusion during maturation of mammalian oocytes 
encompasses two extremely asymmetric meiotic cell divisions 
that depend on subcortical spindle positioning and establish-
ment of a cortical actomyosin domain overlying the spindle 
(Maro and Verlhac, 2002; Brunet and Maro, 2005). Upon  
induction of meiotic resumption in vitro, germinal vesicle (GV) 
breakdown (GVBD) and the assembly of the MI spindle occur  
frequently in the oocyte center, and there is no sign of any corti-
cal actomyosin asymmetry (Longo and Chen, 1985; Deng et al., 
2007; Fig. 1 A). Shortly after the alignment of chromosomes 
in the MI spindle, the chromosomes–spindle complex migrates 
to a subcortical location, whereby the chromatin signals the 
assembly of a cortical actomyosin cap (Deng et al., 2007). The 
ability of the chromatin to signal the cortex is inversely related 
to the distance between the chromosomes and the cortex and  
requires the chromosomes to be within 15–25 µm from the 
cortex (compared with the oocyte radius of 35 µm).

Movement of the MI chromosomes to the cortex does  
not require an intact spindle but is fully dependent on actin 
(Longo and Chen, 1985; Verlhac et al., 2000) and Fmn2 (Leader 
et al., 2002; Higgs, 2005; Dumont et al., 2007; Azoury et al., 
2008; Chesarone et al., 2010). Two distinct models were pro-
posed to explain the mechanism underlying spindle migration. 
One model posits that myosin II associated with a spindle pole 
pulls on an actin filament network (Schuh and Ellenberg, 2008), 
whereas another hypothesized that actin polymerization stimu-
lated by spindle peripheral Fmn2 pushes the spindle toward the 
cortex (Li et al., 2008). Further complicating the matter is a  
recent study that inhibition of the Arp2/3 complex also pre-
vented MI spindle positioning (Sun et al., 2011). The Arp2/3 
complex, which nucleates branched actin network, was recently 
shown to be a target of the chromatin signal and orchestrate a 
cytoplasmic steaming in meiosis II (MII) to maintain subcortical 
spindle positioning (Yi et al., 2011). In this study, we inves-
tigated the distinct roles for these actin nucleators during MI 
chromosome migration.

Polar body extrusion during oocyte maturation is 
critically dependent on asymmetric positioning of 
the meiotic spindle, which is established through 

migration of the meiosis I (MI) spindle/chromosomes 
from the oocyte interior to a subcortical location. In this 
study, we show that MI chromosome migration is bipha-
sic and driven by consecutive actin-based pushing forces 
regulated by two actin nucleators, Fmn2, a formin family 
protein, and the Arp2/3 complex. Fmn2 was recruited  
to endoplasmic reticulum structures surrounding the MI 
spindle, where it nucleated actin filaments to initiate  

an initially slow and poorly directed motion of the  
spindle away from the cell center. A fast and highly 
directed second migration phase was driven by actin-
mediated cytoplasmic streaming and occurred as the 
chromosomes reach a sufficient proximity to the cortex to 
activate the Arp2/3 complex. We propose that decisive 
symmetry breaking in mouse oocytes results from Fmn2-
mediated perturbation of spindle position and the posi-
tive feedback loop between chromosome signal-induced 
Arp2/3 activation and Arp2/3-orchestrated cytoplasmic 
streaming that transports the chromosomes.

Sequential actin-based pushing forces drive  
meiosis I chromosome migration and symmetry 
breaking in oocytes
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Figure 1.  Fmn2 association with ER at spindle periphery and local actin polymerization. (A) Timeline of events in an unperturbed MI mouse oocyte. PBE, 
polar body extrusion. (B) Localization of Fmn2-AcGFP before and after GVBD (time stamps according to Video 1). Red, chromosomes. (C) Colocalization of 
Fmn2 with ER stained with blue-white DPX. Arrows point to some distinct structures with colocalization. (D) Overexpression of Sec61-–mKate2 induces ER 
tubularization and accumulation of Fmn2 and F-actin along tubular ER. (E) Nocodazole treatment at GVBD + 0.5 h abolished normal Fmn2 distribution and 
actin enrichment around the chromosomes. (F) Plots of SEM and mean Pearson coefficient (n = 3) as a function of spatial shift in units of micrometers from 
spatial correlation analysis. (G) Percentage (mean and SEM from three experiments) of oocytes succeeded in chromosome migration when overexpressing 
Sec61-–mKate2 (as in D; no Sec61- overexpression [OE], n = 57; Sec61- overexpression, n = 71) or treated with nocodazole at GVBD + 0.5 h to 
block ER congregation (as in E; no nocodazole [Noco], n = 59; nocodazole, n = 65). P < 0.005. (H) F-actin in the MI oocyte (GVBD + 6 h) visualized by 
strong expression of UtrCH-GFP (left) or microinjection of trace fluorescent phalloidin (right). A magnified view of the boxed region on the left is shown in the 
middle. (I) Staining of fixed oocytes (GVBD + 6 h) with Alexa Fluor 633–labeled phalloidin. (J) Right three images are time projections of a difference video 
with chromatin staining (blue) from the box of the UtrCH-GFP image on the left. (K) Montage of new F-actin growth near chromosomes after cytochalasin D 
washout. Full view is shown in Fig. S1 J. (L) Increase of intensity ratio of chromosome region (circled area; the data shown are from a representative video 
shown in Fig. S1 J, n = 5). Bars: (B–E, H [left and right], I, J [left], and L) 20 µm; (H [middle], J [right], and K) 10 µm.
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ER accumulation and Fmn2-AcGFP localization to the central  
region surrounding the MI chromosomes, but cortical Fmn2 was 
not affected (Fig. 1 E). The chromosomes failed to migrate to 
the cortex in 88.7% of these (compared with 18.7% of control)  
oocytes (Fig. 1 G). Interestingly, Fmn2 does not colocalize 
with the dispersed ER, suggesting that other signals available in 
the vicinity of the chromosomes, or a normal ER organization  
unperturbed by the nocodazole, is required for the association 
of Fmn2 with ER vesicles.

Our previous work using the F-actin probe FITC-Lifeact 
showed an accumulation of F-actin around the MI spindle (Li  
et al., 2008), but other studies using utrophin calponin homol-
ogy domain (UtrCH)-GFP, another F-actin probe (Burkel et al., 
2007), reported a prominent cytoplasmic actin network that  
appeared to connect the spindle with the cortex. We confirmed 
that oocytes with high-level expression of UtrCH-GFP indeed 
showed a dense cytoplasmic actin network; however, spindle 
migration and polar body extrusion failed in 84.3% (n = 53)  
of the oocytes in which this was observed (Fig. 1 H). Even  
in these oocytes, an increased UtrCH-GFP intensity around  
the spindle was evident (Fig. S1, H and I). F-actin accumul
ation around the spindle was also observable by microinjecting 
trace amount of fluorescent phalloidin (Fig. 1 H, right) or by 
phalloidin staining of fixed oocytes (Fig. 1 I, left). Absence of 
this actin population in Fmn2-null oocytes indicates that it is 
dependent on Fmn2 (Fig. 1 I, middle), but it is not affected  
by CK-666, an inhibitor of the Arp2/3 complex (Fig. 1 I, right; 
Nolen et al., 2009).

To observe the site of actin polymerization in MI oocytes, 
cytochalasin D was used to reduce actin density in the cyto-
plasm observed with UtrCH-GFP. After drug washout, recovery 
of F-actin was monitored by time-lapse imaging. New actin fila-
ments could be observed to grow at the spindle vicinity, with 
filaments radiating out from the chromosomal region (Fig. 1 K 
and Fig. S1 J). A difference video (Brugués et al., 2012) was 
generated by subtracting the fluorescence image of one frame 
with that of the previous frame. The time-projected image of the 
difference video highlights the preferential increase in fluor
escence surrounding the chromosomes (Fig. 1, J and L). We 
conclude that Fmn2 is recruited to the Sec61-–containing ER 
structures at the spindle periphery and promotes local actin  
polymerization and that a normal ER organization is required 
for spindle migration.

MI spindle and chromosomes migrate  
in a biphasic manner
Because before the start of spindle migration the localiza-
tion of Fmn2 or F-actin does not exhibit any distinct asym-
metry, it was unclear how directional movement of the 
spindle could be initiated as a result of Fmn2-nucleated actin 
filaments. To shed light on this, we tracked the movement 
of the chromosomes toward the cortex by time-lapse confo-
cal imaging. The resulting trajectories indicate two distinct 
phases of the movement (Fig. 2 A and Video 3). In the first  
phase, spanning the initial 5–10 µm of migration, the trajecto-
ries showed low straightness and instantaneous speed (Fig. 2 B  
and Fig. S3, C–E). Mean square displacement (MSD) analysis  

Results and discussion
ER-associated Fmn2 at the spindle 
periphery is required for MI  
chromosome migration
Previous studies noted two distinct sites of Fmn2 localization—
the cortex and spindle periphery (Li et al., 2008; Schuh and 
Ellenberg, 2008; Azoury et al., 2011). To better understand 
the role of Fmn2 localization in MI chromosome migration, 
we constructed a C-terminal Aequorea coerulescens GFP  
(AcGFP)–tagged Fmn2, which provides brighter signal com-
pared with the tags used previously. Injected Fmn2-AcGFP 
mRNA successfully rescued the spindle migration defect in 
Fmn2/ oocytes (Fig. S1 A). Fmn2-AcGFP showed cortical 
localization in mouse oocyte before GVBD (Fig. 1 B). After 
GVBD, Fmn2 protein level rose, as shown previously (Azoury 
et al., 2011), and in addition to the cortical localization, Fmn2 
gradually accumulated around the forming bipolar spindle  
(Fig. 1 B, Fig. S1 B, and Video 1). Fmn2-AcGFP accumulation 
at the spindle periphery was not caused by autofluorescence in 
the GFP channel (Fig. S1, C and D). Consistent with a previous 
study (Azoury et al., 2011), during spindle migration, cortical 
Fmn2-AcGFP was gradually cleared from the cortex in front 
of the approaching spindle (Fig. S1 E and Video 2), concurrent 
with the exclusion of microvilli from the cortical cap region 
(Longo and Chen, 1985). Indeed, cortical Fmn2 appeared to be 
associated with microvilli (Fig. S2 D).

ER and mitochondria are known to accumulate to spindle 
periphery at this stage of oocyte maturation (Van Blerkom and 
Runner, 1984; Calarco, 1995; Mehlmann et al., 1995; FitzHarris 
et al., 2007). Indeed, Fmn2-AcGFP showed colocalization with 
the ER dye blue-white DPX (Fig. 1 C). Spatial correlation analy
sis indicated a high degree of colocalization between Fmn2  
and the ER tracker (Fig. 1 F). Thin-sectioning EM confirmed 
that in MI oocytes, ER surrounding the spindle organizes into 
vesicular structures (Fig. S2 A, red arrows), whereas mitochon-
dria were further away from the spindle (Fig. S2 A, yellow  
arrows; and Fig. S1 G). Immunogold labeling showed Fmn2-
AcGFP to be associated with the ER vesicles (Fig. S2 B) that 
contain Sec61-, an ER resident protein (Fig. S2 C). Immuno-
gold labeling using a published Fmn2 antibody (Azoury et al., 
2011) confirmed the association of endogenous Fmn2 with the 
ER membrane at the spindle periphery (Fig. S2 E).

Expression of the ER protein Sec61- tagged with mKate2 
in oocytes further confirmed the colocalization of Fmn2 with 
ER (Fig. 1, D and F), but unexpectedly, Sec61-–mKate2 over-
expression induced extensive tubular ER structures from the 
spindle periphery that were decorated with Fmn2 (Fig. 1 D).  
F-actin accumulated along the Sec61-–mKate tubules, whereas 
cortical actin was not apparently affected (Fig. 1, D and F). 
The induction of abnormal ER and actin structures at the 
spindle periphery by Sec61-–mKate2 severely disrupted 
spindle migration (Fig. 1 G). Because previous work showed 
that the accumulation of ER to the spindle periphery is micro
tubule dependent (Mehlmann et al., 1995; FitzHarris et al., 
2007), we treated oocytes with nocodazole immediately after 
GVBD (GVBD + 0.5 h; Fig. 1 A). This treatment disrupted 
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Video 4), suggesting that similar mechanisms underlie the 
migration of the intact spindle or the spindleless chromo-
some cluster. It is useful to note that in these latter experiments, 
the spindle was disrupted by using the microtubule inhibitor 
colcemid, which was added around the time of spindle mi-
gration (GVBD + 5 h) but well after ER accumulation to the 
spindle periphery.

suggests that this phase can be described as a confined  
random walk ( = 0.7; Fig. S3 E). This first phase was fol-
lowed by an abrupt transition into a second phase, in which  
the chromosomes moved in a much straighter trajectory  
toward the cortex at higher speed (Fig. 2 B and Fig. S3, C–E).  
Trajectories of migration of the spindleless chromosomes 
exhibited the same biphasic characteristics (Fig. 2, C–H; and 

Figure 2.  MI spindle/chromosomes migrate in a biphasic manner. (A) Trajectories of chromosome migration with intact spindle in wild-type oocytes 
(examples from 11 oocytes analyzed). Insets show two example trajectories of chromosome migration in Fmn2/ oocytes at the same spatial scale.  
(B) Speed and straightness as a function of the chromosome position along the axis connecting the initial and end positions of migration corresponding 
to a trajectory shown in A. “Cortex” refers to the chromosome position when the spindle contacts the cortex. (C) Trajectories of chromosome migration 
after spindle disassembly from an initial position near the cell center (blue traces) or near the cortex (red traces). Examples are from 12 oocytes analyzed.  
(D and E) Speed (D) and straightness (E) as a function of the chromosome position of a blue trajectory shown in C. (F–H) Quantification of speed (F), 
straightness (G), and  value of the MSD analysis (H) of trajectories from a near-center or off-center (short track) initial position (n = 5). Histograms show 
means and SEM. *, P < 0.05; **, P < 0.005.
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(referred to hereafter as spindle remnant), and the chromosomes 
reside on one side of this structure (observed in 68/76 of the 
colcemid-treated oocytes; Fig. 3 A and Fig. S2, H and I).

Time-lapse imaging revealed that chromosomes always 
migrated in front of the spindle remnant (Fig. 3 C, a representa-
tive example). To quantify this, a polar axis was drawn from 
the spindle remnant toward the chromosomes located initially 
at the oocyte center (Fig. 3 D). The angular separation between 
this axis and that of chromosome movement was <59.15° in all 
cases, with a mean value of 30.50 ± 7.94° (n = 8; Fig. 3 D), dis-
tinct from a random distribution (Pearson correlation r < 0.005). 
This shows that the Fmn2 asymmetry relative to chromosomes 
roughly predicts the direction of chromosome movement that  
is consistent with Fmn2 orchestrating a pushing force behind  
the chromosomes. Consistently, actin filaments could be ob-
served to concentrate around the spindle remnant behind the mi-
grating chromosomes (Fig. 3 B). As a negative control, the same 

Evidence that Fmn2-mediated actin 
assembly exerts an initial pushing force  
on the spindle
Consistent with previous observations (Azoury et al., 2008; Li 
et al., 2008; Schuh and Ellenberg, 2008), in the Fmn2/  
oocyte, no chromosome motion could be observed (Fig. 2 A,  
insets), suggesting that Fmn2 is required for the first phase of 
chromosome movement. We hypothesize that Fmn2-nucleated 
actin polymerization at the spindle periphery produces a ran-
domly distributed pushing force on the spindle to drive the first 
phase of migration. To test this, we asked whether an initially 
asymmetric Fmn2 distribution would bias the direction of chro-
mosome movement. We took advantage of the observation that 
spindle disruption immediately before migration initiation 
caused Fmn2 to distribute asymmetrically relative to the chro-
mosomes. In these oocytes, Fmn2 accumulated around a struc-
ture with distinct appearance under transmitted light imaging 

Figure 3.  Fmn2-mediated actin assembly exerts 
a pushing force. (A) Fmn2 around the spindle 
remnant (outline pointed by arrows). (B) Distribu-
tion of actin filaments around the spindle remnant 
during spindle migration. (C) Time-lapse images 
of a representative oocyte undergoing chromo-
some migration in the presence of colcemid. 
Numbers indicate hours and minutes. (D) Angu-
lar distribution (n = 8) of chromosome migration 
(after spindle disassembly) relative to the spindle 
remnant–chromosome axis. (E) Angular distribu-
tion (n = 11) of spindle migration relative to the 
long spindle axis. (F) Expression of Fmn2-mCherry 
in oocytes that failed GVBD causes GV (outlined 
area in the transmitted light images or the dark 
area in the GFP channel) deformation and mi-
gration to the cortex. An enrichment of F-actin 
(labeled with UtrCH-GFP) can be observed in 
the area of deformation. (G and H) Time-lapse 
images of a representative oocyte undergoing 
GV (the dark area excluding UtrCH-GFP signal) 
migration upon Fmn2-mCherry expression. Yellow 
outlines the initial position of the GV, and red out-
lines the end position. (H) Kymograph generated 
along the red line in G. Bars: (A–C and F) 20 µm; 
(G and H) 10 µm.
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side smoothly convex and trailing side invaginating inwardly 
(Fig. 3, G and H; and Video 5), suggesting that Fmn2-mediated 
actin polymerization exerted a pushing force at the backside of 
the GV during its migration. A similar nuclear morphology was 
reported recently in a study of nuclear migration in Drosophila 
melanogaster oocytes as a result of a microtubule-based push-
ing force (Zhao et al., 2012).

Fast phase of spindle migration  
depends on the Arp2/3 complex  
and cytoplasmic streaming
While tracking chromosome movement, we noticed that cyto-
plasmic streaming became visible during the second phase of 
chromosome movement, with cytoplasmic particles moving at 
a similar speed as the chromosomes, and streaming continued 
even after chromosomes touched the cortex (Fig. 4 A and Video 4).  
In the case of an intact spindle, cytoplasmic streaming also 
initiated during the fast migration phase, continued after first 
polar body extrusion, and maintained MII spindle at the cortex 
(Video 6 and Video 7). We did not observe any cortical indentation 

angular analysis was performed for the intact spindle moving 
from the center of an oocyte. Because of a lack of initial Fmn2 
and F-actin asymmetry, the spindle axis was randomly chosen  
toward one of the poles in the first frame of the video. As 
shown in Fig. 3 E, the spindle migrates along its long axis 
with a deviation of <13.56 ± 3.60° (n = 11), but the orientation  
was unbiased.

In a small fraction (25%) of the oocytes that expressed 
Fmn2-mCherry, GVBD failed to occur after the oocytes were 
released from the prophase I arrest and invaginations appeared 
on the GV membrane (Fig. 3 F and Fig. S2 J), similar to that  
reported previously (Azoury et al., 2011). Both Fmn2-mCherry 
and F-actin accumulated at the GV invagination sites (Fig. S2 J) 
and the GV in 53 of 65 such oocytes, but not in control oocytes 
(Fig. 3 F and Fig. S2 K), eventually moved to the cortex. Signif-
icantly, in all oocytes in which GV moved to the cortex, the side 
of the membrane facing the cortex was smooth and slightly con-
vex, whereas the opposite side, where actin filaments accumu-
lated, was concave (Fig. 3, F and G). Time-lapse imaging 
confirmed that GV moved toward the cortex, with the leading 

Figure 4.  Fast migration phase depends on the Arp2/3 complex and cytoplasmic streaming. (A) Kymograph (left) along the red line shown in the right 
image (a time projected image from a transmitted light video). Chromosomes are shown in magenta; cytoplasmic particles are shown in white (yellow  
arrow). (B) Montages of vector maps of cytoplasmic streaming. The heat bar unit is given in micrometers per minute. (C) Localization of Arp2/3 complex 
by anti-Arp2 immunostaining. (D) Chromosome trajectories in a control (red) or CK-666–treated oocytes in which the chromosomes moved to the cortex (all 
other colors). Examples are from 15 oocytes analyzed. Bars: (A) 10 µm; (B and C) 20 µm.
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(Fig. 4 D; Fig. S3, A–E; and Video 8), suggesting that the Arp2/3 
complex and cytoplasmic streaming are required for the second 
but not the first phase of chromosome migration.

In a small fraction of the oocytes whose spindle was dis-
rupted with colcemid, the position of the chromosomes was 
strongly skewed toward the cortex. In these oocytes, cytoplas-
mic streaming and the straight/fast phase of chromosome move-
ment started at the outset of chromosome migration (Fig. 2,  
C and F–H; and Video 4), suggesting that the first phase could 
be bypassed as long as the chromosomes are close enough to 
the cortex to activate the Arp2/3 complex. To ask whether the 
role of Fmn2 is simply to bring the chromosomes closer to the 
cortex, we examined Fmn2/ oocytes in which the chromo-
somes were naturally located close to the cortex. Surprisingly, 
the spindle did not move in such oocytes (n = 23). In these  
oocytes, despite the proximity of chromosomes to the cortex, 
the Arp2/3 complex did not localize (Fig. S3 I), and cytoplas-
mic streaming was not observed (Fig. S3 H). This observation 
indicates that Fmn2 may have a role in the communication be-
tween the chromatin and the cortex to enable Arp2/3 complex 
activation or localization, although Fmn2 is not required for all 
features of oocyte cortical polarity (Dumont et al., 2007).

Collectively, the aforementioned results lead us to pro-
pose a biphasic model for MI chromosome migration (Fig. 5 A). 
In the first phase, Fmn2 protein is recruited to the spindle pe-
riphery via ER vesicles, and local actin polymerization produces 
a random and heterogeneous pushing force on the spindle. We 
assume that the net magnitude of this force is relatively small 
and direction stochastic, but it could nonetheless displace the 
chromosomes from a central location toward the cortex. In the 
second phase, when the distance between the chromosomes and 

toward which the spindle migrates (Schuh and Ellenberg, 2008), 
but instead, the cortical region above the spindle often protrudes 
slightly outward (Fig. S2 L and Video 7). The presence of a 
pushing force on the MI spindle was indicated by shortening 
of the spindle immediately upon the leading pole reaching the 
cortex (Fig. S2, F and G; and Video 2).

The pattern of the cytoplasmic streaming (Fig. 4 B) was 
reminiscent of the Arp2/3-dependent cytoplasmic streaming 
observed previously in MII oocytes (Yi et al., 2011), and the 
streaming speed increased as the chromosome to cortex dis-
tance decreased (Fig. 4 B). Immunofluorescence staining using 
an anti-Arp2 antibody revealed no cortical Arp2/3 localization 
when the chromosomes were centrally located, but as the chro-
mosomes approached the cortex, an Arp2 cap became apparent, 
colocalizing with a cortical actin cap (Fig. 4 C). To test Arp2/3 
complex’s role in the two phases of chromosome movement,  
we treated the oocytes with CK-666. Time-lapse imaging 
showed that 48% of CK-666–treated oocytes (n = 35) failed 
to move their chromosomes/spindle to the cortex, whereas the 
rest eventually succeeded after a prolonged period (>8.5 h com-
pared with 5 h in control oocytes). In the first group, trajec-
tory analysis showed a random, nondirectional movement with  
parameters resembling the first phase of spindle motion in  
untreated oocytes (Fig. S3, F and G). However, because a small 
percentage of the spindles (21.4%, n = 27) from the control 
group also failed to reach the cortex, we focused on the group 
that eventually reached the cortex. In these oocytes, move-
ment parameters for the entire trajectory resembled those of  
the first migration phase in untreated oocytes. Cytoplasmic 
streaming was not observed in 18/18 of these oocytes, and the  
second phase of straight and accelerated movement was absent 

Figure 5.  Model of biphasic spindle move-
ment and symmetry breaking. (A) Fmn2- and 
Arp2/3-regulated actin-based forces drive the 
first and second phase of chromosome migra-
tion, respectively. (B) A conceptual model of 
how symmetry breaking occurs in MI oocytes. 
See Discussion for detailed explanations.
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Molecular Biology Laboratory, Heidelberg, Germany) and W. Bement (Uni-
versity of Wisconsin-Madison, Madison, WI), respectively. Capped 
mRNA was synthesized from linearized plasmid templates using T7 or SP6 
mMessage mMachine (Ambion), poly-A tailed with Poly(A) Tailing kit, 
and purified with MEGAclear kit (Ambion).

Microinjection and time-lapse confocal microscopy
Microinjection was performed in M2 medium (EMD Millipore) using micro-
manipulators (Narishige). Typically, 10–12 pl (4% of the oocyte volume) 
of 0.5–1.5-µg/µl mRNA was injected into the oocytes. Time-lapse imaging 
was performed with a microscope (LSM 510 META; Carl Zeiss) equipped 
with a Plan Apochromat 40×, 1.2 NA water immersion objective. AcGFP/
EGFP was excited with 488-nm Argon laser and detected with a 505–550-nm 
band pass. mCherry/mKate2 was excited with a 561-nm laser line and 
detected with a 575–615-nm band pass.

Immunofluorescence and immuno-EM
Mouse oocytes were immunostained as described previously (Yi et al., 
2011). In brief, the oocytes were fixed in 3% paraformaldehyde in PBS 
and blocked with 0.1 M glycine solution. After permeabilizing with 0.1% 
Triton X-100 and blocking with blocking buffer (0.3% BSA and 0.01% 
Tween 20 in PBS), the oocytes were subjected to consecutive primary and 
secondary antibody incubation in the blocking buffer. The primary anti-
bodies used are rabbit anti-Arp2 (Santa Cruz Biotechnology, Inc.; 1:200) 
and mouse anti–-tubulin (Sigma-Aldrich; 1:2,000). Image acquisition of 
fixed oocytes was performed using a 40×, 1.3 NA oil objective on the 
aforementioned confocal microscope. For phalloidin staining presented in 
Fig. 1 I, the oocytes were quickly fixed with 3% paraformaldehyde in PBS 
for 20 min, permeabilized with 0.1% Triton X-100 for 20 min, and then 
stained with Alexa Fluor 633–labeled phalloidin for 40 min. The oocytes 
were washed three times in M16 medium drops and subjected to confocal 
microscope imaging.

EM and immuno-EM were performed as described previously (Li et al., 
2008). In brief, for ultrastructural observation, oocytes were fixed with 2% 
glutaraldehyde in 0.1 M Hepes, pH 7.3, 0.05% saponin, and 0.2% tannic 
acid (freshly filtered) for 40 min. After removal of the fixative by several 
washes in 0.1 M Hepes, the samples were postfixed with 1% OsO4 (aqueous) 
for 10 min, washed, and then dehydrated through a graded series of ethanol 
to 100%, infiltrated, and embedded in Epon resin. The resin was polymerized 
at 37 and 60°C for 48 h. Ultrathin sections (50–70 nm) were cut on an  
ultramicrotome (EM UC6; Leica) using diamond knives and then stained with 
2% uranyl acetate and 1% lead citrate for 10 and 5 min, respectively.

For on-section labeling immuno-EM, the oocytes were fixed in 4% 
paraformaldehyde and 0.1% glutaraldehyde in PBS, pH 7.4, for 4–6 h 
and washed three times in 0.1 M PBS for 15 min each. The samples were 
then dehydrated, infiltrated, and embedded in London resin white resin. 
The sections were stained with rabbit anti–Sec61- (EMD Millipore) and/or  
mouse anti-GFP (A6455; Invitrogen) or rabbit anti-Fmn2 (provided by  
M.-H. Verlhac, Centre National de la Recherche Scientifique/Université 
Pierre et Marie Curie, Paris, France) and mouse anti-KDEL (Santa Cruz 
Biotechnology, Inc.) followed by 5- or 10-nm gold-conjugated goat anti–rabbit 
or anti–mouse secondary antibodies (Sigma-Aldrich; 1:20 dilution).

Colocalization analysis
Colocalization analysis was performed on dual-color confocal images  
using a spatial correlation approach (van Steensel et al., 1996). All pro-
cessing and analysis was performed with custom plugins written for ImageJ 
(National Institutes of Health; see Supplemental material). Images were first 
scaled down with bilinear interpolation to match the largest pixel size and 
cropped to a 128 × 128–pixel region encompassing the oocyte. To calcu-
late the colocalization profile of molecules around spindle periphery, we 
only focus on the signals within this region. Therefore, we replaced all pixels 
outside of a boundary drawn just inside the cortex with the median value 
of the intensity inside the boundary. Although this procedure introduces a 
small amount of spatial correlation, it is small relative to true positive corre-
lation and displays a much broader spatial profile, which doesn’t interfere 
with the signal from spindle region correlation. The spatial Pearson product–
moment correlation function was calculated as follows:

	 Corr
I x y I x

I I
xy g r

xy g xy r
( )

cov [ ( , ), ( )]

var [ ]var [ ]
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ξ
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Here, covxy[m,n] is the covariance of m and n variables over both spatial 
coordinates and varxy[m] is the similarly defined variance. Subscripts g 

the cortex falls within 25 µm, a threshold for the chromatin 
signal to reach the cortex, Arp2/3 is activated at the proximal 
cortex to initiate cytoplasmic streaming, which applies a direc-
tional pushing force on the spindle. The magnitude of this force 
increases as the chromosomes migrate toward the cortex as  
a result of proximity-enhanced cortical activation by the chro-
matin signal (Deng et al., 2007), resulting in an irreversible 
commitment of the migration toward the cortical destiny  
and thus decisive symmetry breaking. We note that although 
this model does not require an initial Fmn2 asymmetry, an 
Fmn2 asymmetry was often observed as the spindle moved 
closer to the cortex (Fig. S1 E, an example), which may help  
enhance the directionality of the movement.

Our model could explain two well-known character-
istics of MI chromosome migration: (1) the migration tends 
to occur along the long axis of the spindle and (2) an initially 
off-centered spindle tends to move toward the proximal cortex. 
The first tendency could be an outcome of the difference in the 
drag force on the spindle that favors pole-led, as opposed to 
sideways, movement, whereas the second could be a result of 
the expected higher probability for the chromosomes to first 
reach the threshold, through a random walk, in the direction of 
the initial proximal cortex and undergo fast migration toward 
it. Our model also does not exclude a proposed role for myosin-II 
in chromosome migration (Schuh and Ellenberg, 2008). Recent 
studies have shown that myosin-II promotes actin depoly-
merization in motile (Wilson et al., 2010; Mseka and Cramer, 
2011) and dividing cells (Mendes Pinto et al., 2012) and in  
vitro (Murrell and Gardel, 2012; Reymann et al., 2012). As 
such, myosin-II could play a role at the spindle poles, as sug-
gested, to facilitate actin turnover in a treadmilling network that 
drives the cytoplasmic streaming (Yi et al., 2011). In summary 
(Fig. 5 B), our model implies that the Fmn2-mediated initial 
movement generates a “perturbation” on chromosome position, 
whereas decisive symmetry breaking and the continued mainte-
nance of oocyte polarity are accomplished through the positive 
feedback loop between chromatin-induced cortical activation 
and cortical Arp2/3-orchestrated chromosome movement via 
cytoplasmic streaming.

Materials and methods
Oocyte dissection and culture
All animals used in this work were handled in accordance with guidelines 
defined by Institutional Animal Care and Use Committee of the Stowers  
Institute. MI oocytes were dissected from the ovaries of 5–9-wk-old wild-
type or Fmn2-null female mice (provided by P. Leder, Harvard Medical 
School, Boston, MA) and cultured in M16 medium (EMD Millipore) contain-
ing 0.2 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich) at 37°C in a 5% 
CO2 atmosphere. To track the chromosome migration, we first sorted for 
oocytes with GV roughly at the cell center (except for observation of “short 
track” trajectories). To allow meiosis resumption, the oocytes were washed 
and then cultured in 3-isobutyl-1-methylxanthine–free M16 medium. In the 
case of drug treatment experiments, the medium was supplemented with 
50 µM CK-666 (Chemdiv), 5 µg/ml cytochalasin D (Sigma-Aldrich), or 
100 ng/ml colcemid (Invitrogen).

Plasmid construction and mRNA in vitro transcription
Full-length Fmn2 ORF was inserted into the pGEMHE vector in frame 
with AcGFP. Sec61- ORF (provided by T. Rapoport, Harvard Medical 
School, Boston, MA) was inserted into pGEMHE-mKate2. Fmn2-mCherry 
and F-actin probe pCS2+-UtrCH-EGFP were gifts from J. Ellenberg (European 
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Kymograph, montage, and difference video
Before kymograph generation, images were aligned as discussed for the 
chromosomes/spindle tracking. Kymographs were typically averaged over 
a width of five pixels to portray representative behavior. To generate the 
montage and the difference video, first the data series was aligned to elimi-
nate oocyte motion as described for the chromosomes/spindle tracking. 
Fluctuations in background and cytosolic fluorescence were eliminated by 
dividing from each image a cytosolic average for that image. This value 
was calculated as an average from a cytosolic (away from the spindle)  
region. For difference videos, each frame was subtracted from the next 
frame, as previously described (Brugués et al., 2012). For example, 
time point 1 was subtracted from time point 2, and then, time point 2 was 
subtracted from time point 3, etc. To generate the image shown in Fig. 1 J, 
the difference video was summed over time. This was overlaid with a simple 
temporal sum projection of the Hoechst signal.

Statistical analysis
Statistical analysis of the data was performed in Excel (Microsoft) or Origin
Pro 8.0 (OriginLab). P-values were determined using the Student’s t test.

Online supplemental material
Fig. S1 shows additional data on Fmn2 and F-actin organization. Fig. S2  
shows Fmn2 immuno-EM and additional evidence that Fmn2 and actin  
exert a pushing force. Fig. S3 shows additional data on biphasic move-
ment and Arp2/3s role. Video 1 shows Fmn2 dynamics before spindle 
migration. Video 2 shows Fmn2 cortical exclusion and spindle compac-
tion. Video 3 shows biphasic migration of an intact spindle. Video 4  
shows chromosome migration after spindle disassembly. Video 5 shows GV 
migration upon Fmn2-mCherry expression. Video 6 shows an oocyte un-
dergoing spindle migration followed by first polar body extrusion. Video 7 
shows an oocyte undergoing spindle migration followed by first polar body 
extrusion and MII spindle positioning. Video 8 shows chromosome move-
ment when Arp2/3 was inhibited. A zip file is also provided that contains 
custom plugins written for ImageJ. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.201211068/DC1.
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Chromosomes/spindle tracking, trajectory analysis, and MSD analysis
To track the trajectory of the chromosomes/spindle, the images were 
aligned to eliminate the sample drift. Single multicolor z slices were reg-
istered based on the transmitted light channel using a modified version of 
the StackReg plugin (Thévenaz et al., 1998) for ImageJ. Centroid tracking 
of the chromosomes was performed after Gaussian smoothing to eliminate 
noise and simple thresholding segmentation in ImageJ. The trajectories 
were then exported and analyzed with Mathematica (Wolfram Research). 
Straightness of the trajectory (or any partial trajectory up to a certain time 
point) was defined as ratio D/L of the displacement (D) from the initial 
point to the end point over the path length (L) between the same points. The 
instantaneous speed of the cell was computed as a ratio of the displace-
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the time between the steps. For mean square displacement (MSD) analysis, 
the MSD was defined using the equation MSD( ) ( ) ( ) ,τ τ= + −r t r t

2 in which  
defines the time step between the trajectory points r(t) and r(t + ). The 
value of MSD was calculated with Mathematica using a sliding window 
of five time points along the trajectory. The resulting data were fitted to 
the equation MSD() = 4D using the nonlinear least squares method in 
Mathematica. Here, D is the diffusion coefficient, and the exponent, , 
indicates nonrandom diffusion. Values of  < 1 correspond to a restricted 
subdiffusion, whereas values of  > 1 indicate superdiffusive motion. 
The trajectories of spindle/chromosomes that started near the cell center 
were characterized by a biphasic structure in which the first phase cor-
responds to the random motion with low values of  and directionality, 
whereas the second phase was highly directed ( = 1.8). The boundary 
between these two phases was found using the dependence of the straight-
ness on the distance from the cortex, which exhibits a sharp increase  
between the phases.

For the straightness analysis of chromosome migration in the pres-
ence of colcemid (Fig. 3 D), the trajectory orientation was defined as an 
angle between two vectors—the first one points from the centroid of the 
spindle remnant to the chromosomes at the initial moment of time, whereas 
the second one points from initial chromosome position to its final po-
sition at the cell cortex. The angular distribution was quite narrow and 
was compared with 1,000 randomly generated uniform distributions in  
the range of angles between 0 and 180°. The Pearson correlation co
efficient (r) between the observed distribution and the random ones was 
shown to be <0.005.

Spatiotemporal image correlation spectroscopy (STICS) analysis  
and velocity field measurement
STICS analysis was performed as previously described (Yi et al., 2011)  
using a custom ImageJ plugin for ImageJ (see Supplemental material).  
In brief, registration was performed as described for chromosome tracking 
analysis to eliminate sample drift. The sections were then scaled by a factor 
of 2 with bilinear interpolation and rotated so that the final chromosome 
position was at the top of the image. The cytoplasmic region excluding  
the cortex was selected, and all other regions were replaced by the aver-
age intensity of the cytoplasmic region. Then, the average intensity image 
for the entire video was subtracted from each frame, adding back the spa-
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images collected 17 min later, and maxima of the cross correlation images 
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As a modification of the previous method, we performed running STICS 
analysis for overlapping 10 frame segments separated by five frames from 
one another. In that way, STICS vector maps were generated at 30-min  
intervals throughout the spindle migration process (Fig. 4 B). The average 
streaming velocities were calculated by averaging velocity magnitudes 
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of the chromosomes and spindle, chromosome coordinates at each time 
point were determined by segmentation and center of mass calculation.
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