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Symmetry breaking and polarity
establishment during mouse
oocyte maturation

Kexi Yi1, Boris Rubinstein1 and Rong Li1,2

1Stowers Institute for Medical Research, 1000 East 50th Street, Kansas City, MO 64110, USA
2Department of Molecular and Integrative Physiology, University of Kansas Medical Center,
3901 Rainbow Boulevard, Kansas City, KS 66160, USA

Mammalian oocyte meiosis encompasses two rounds of asymmetric div-

isions to generate a totipotent haploid egg and, as by-products, two small

polar bodies. Two intracellular events, asymmetric spindle positioning and

cortical polarization, are critical to such asymmetric divisions. Actin but

not microtubule cytoskeleton has been known to be directly involved in

both events. Recent work has revealed a positive feedback loop between

chromosome-mediated cortical activation and the Arp2/3-orchestrated cyto-

plasmic streaming that moves chromosomes. This feedback loop not only

maintains meiotic II spindle position during metaphase II arrest, but also

brings about symmetry breaking during meiosis I. Prior to an Arp2/3-

dependent phase of fast movement, meiotic I spindle experiences a slow

and non-directional first phase of migration driven by a pushing force

from Fmn2-mediated actin polymerization. In addition to illustrating these

molecular mechanisms, mathematical simulations are presented to elucidate

mechanical properties of actin-dependent force generation in this system.
1. Introduction
The mammalian oocyte undergoes two consecutive rounds of extremely asym-

metric divisions to generate a large haploid egg and two small polar bodies.

Such asymmetric divisions are dictated by intracellular asymmetries developed

within the oocyte prior to anaphase onset, which includes asymmetric spindle

positioning and cortical polarization [1,2]. Owing to its amenability to optical ima-

ging and genetic manipulations, as well as a robust ability to undergo maturation

in culture, mouse oocytes have been recognized as one of the best models to under-

stand these events. When maturing in vitro, the meiotic I (MI) spindle of the mouse

oocyte is assembled at or near the cell centre after germinal vesicle breakdown

(GVBD). Shortly after chromosome alignment, the chromosomes–spindle com-

plex initiates its migration towards one side of the cortex. Accompanying this

process is the establishment of cortical polarity characterized by an actin-enriched

domain surrounded with a myosin ring [3–6]. At anaphase, coordinated protru-

sion of the actin-enriched domain and constriction of the myosin ring lead to

extrusion of the first polar body containing one set of homologous chromosomes

[7–9]. Following the first polar body extrusion, the oocyte proceeds into the meta-

phase of meiosis II where an MII spindle is assembled near the first division site

beneath the cortex. A cortical actomyosin domain similar to that in the MI is

again established above the spindle. The oocyte is now fully mature and arrests

at this stage awaiting fertilization (figure 1).

Both spindle positioning and cortical polarization rely on actin dynamics

but not microtubules (see review in Sun & Schatten [10]). Recent works have

revealed the underlying mechanisms that drive these events during meiosis I

and II [11–15]. In this review, we present a comprehensive working model

for spindle positioning and cortical polarization during mouse oocyte matu-

ration, mainly based on our recently published works [5,13,16,17]. We begin

by describing a positive feedback loop that connects cortical polarity and asym-

metric spindle positioning. We discuss how this feedback loop is critical for

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2013.0002&domain=pdf&date_stamp=2013-09-23
mailto:kyi@stowers.org
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Figure 1. Meiotic maturation of a mouse oocyte. The prophase I-arrested oocyte resumes cell cycle progression and enters its maturation process upon hormone stimulation.
The MI spindle is assembled approximately 5 h after germinal vesicle breakdown (GVBD) in cultured oocytes. It migrates towards one side of the cortex along the long axis
once the chromosomes are aligned. Immediately after first polar body (PB) extrusion, the MII spindle is formed beneath the cortex, and the subcortical position is maintained
through the metaphase II arrest. Later, fertilization triggers MII completion resulting in a second polar body extrusion. In both meiosis I and II, accompanying asymmetric
spindle positioning is the formation of a cortical actomyosin cap induced by subcortically located chromosomes. (Online version in colour.)
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maintaining oocyte polarity during prolonged MII arrest, and

how it is used, together with Fmn2-mediated actin poly-

merization, to transport the MI spindle in meiosis I. Finally,

we introduce a simple mechanical model that explains

how the actin-dependent forces are generated during these

processes.
Ran gradient

N-WASP WAVE

Arp2/3

cytoplasmic
streaming

Cdc42 Rac

chromatin

Figure 2. Molecular pathway leading to a positive feedback between chromo-
somes – spindle positioning and cortical polarization. When the spindle is in the
vicinity of the cortex, the chromatin-mediated RanGTP gradient activates N-WASP
and the Arp2/3 complex via Cdc42 at the cortex to nucleate actin polymeriz-
ation, which suppresses premature myosin II ring contraction and promotes
cytoplasmic streaming to maintain spindle positioning. Rac1-WAVE2 may
serve as a parallel pathway to activate the Arp2/3 complex, and this pathway
is also under the control of the Ran gradient. (Online version in colour.)
2. A positive feedback loop drives spindle
positioning and cortical polarization

(a) Meiotic chromosomes signal the establishment of
cortical polarity

The cortical actomyosin cap is a structure essential for polar

body extrusion. It is established in meiosis I when the spindle

has migrated close to the cortex and during metaphase II arrest

where the spindle is asymmetrically positioned beneath the

cortex [2,5]. Previous studies suggested that establishment of

such a cortical structure depends on signals from chromosomes

(figure 2). Each chromosome mass dispersed by nocodazole

treatment induced an actin cap at the overlying cortex [1].

Injected sperm heads or DNA-coated beads at the cortex

promoted formation of a similar structure [5,18]. It was demon-

strated that chromatin induction of the cortical domain is

mediated through an ‘at a distance’ effect: chromosomes or

DNA stimulate formation of the cortical domain without

physically interacting with the cortex, provided that it is

within a distance of 20–25 mm. The capacity to induce the

cortical domain is inversely related to this distance. The ‘at a

distance’ effect from chromosomes on cortical polarity is simi-

lar to the one from chromosomes to induce spindle formation,

where a Ran guanosine triphosphate (RanGTP) gradient, estab-

lished by the spatially separated actions of Ran guanine

nucleotide exchange factors (GEF) and Ran GTPase activating

protein (GAP), is used to transmit the chromosome signal [19–

21]. Indeed, the RanGTP gradient is present in both MI and MII

oocytes [22]. In oocytes undergoing meiosis II, the RanGTP gra-

dient is involved in mediating the chromosome signal to the

cortex, as both dominant negative and constitutively active

Ran mutants disrupted DNA-induced cortical polarization.

Thus, similar to its role in spindle assembly, the RanGTP gradi-

ent also serves as a molecular ruler for cortical polarization in
mouse oocytes [5]. It is worth noting that, in both mouse and

frog oocytes, mutant Ran perturbed meiotic II spindle assembly

but had little effect on meiotic I spindle assembly and first polar

body extrusion [22], which raises a question of whether chromo-

somes in meiosis I signal cortical polarity through molecular

mechanisms other than the RanGTP gradient.

One of the cytoskeletal targets of the RanGTP gradient is the

Arp2/3 complex, as mutant Ran disrupts cortical localization

and activation of the Arp2/3 complex in MII mouse oocytes

[17] (figure 2). The Arp2/3 complex is a type of actin nucleator

that nucleates new F-actin to form a Y-shaped branch off a pre-

existing filament. It is well known that Arp2/3-dependent

actin dynamics are critical to leading edge protrusion in

migrating cells [23]. In MII oocytes, it is localized to the cortical

cap and promotes actin polymerization in this region.
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Inhibition of Arp2/3 or its activator N-WASP diminished actin

cap formation [17,24]. Cdc42, a Rho GTPase that regulates

Arp2/3 activity through N-WASP in many cell types, was

recently found to be accumulated at cortical cap in a

Ran-dependent manner [7]. Inhibition of Cdc42 activity led

to N-WASP mislocalization, cortical actin cap loss and spindle

organization/migration failure [7,25]. These observations

indicated that a Cdc42-N-WASP-Arp2/3 pathway operates

downstream of Ran signalling to regulate cortical actin cap for-

mation. In addition to Cdc42, another small GTPase, Rac1, is

also localized to the cortical cap region under the control of

the RanGTP gradient and inhibiting its activity led to similar

defects in spindle positioning [26,27]. It is possible that

Rac1 regulates cortical actin cap through its specific effector

WAVE2, which was indicated to be involved in oocyte

polarization in MI, presumably due to failed Arp2/3 localiz-

ation/activation [28]. These results suggest that multiple

signalling pathways are engaged in cortical actin assembly

downstream of the master regulator, the RanGTP gradient. As

to how RanGTP executes its function to regulate these signalling

pathways, in the case of spindle morphogenesis, RanGTP binds

to importins competitively, thus triggering release of microtu-

bule polymerization factors to support spindle assembly [19].

A similar mechanism might be at work to enable activation

of the Arp2/3 during cortical polarization but the immediate

effector of RanGTP remains unknown.

(b) Cortical actin assembly promotes chromosome
and spindle positioning

It was thought that the sole purpose of the actomyosin cap is to

facilitate polar body extrusion. However, inhibition of Arp2/3

or its activator N-WASP induces spindle detachment from the

cortex in metaphase-II-arrested oocytes. This suggests that not

only are the chromosomes responsible for establishing the cor-

tical actin domain, but also that actin polymerization at the

cortex, in turn, impacts chromosomes/spindle positioning

[17]. Using a live F-actin probe, GFP-UtrCH, it was observed

that actin filaments nucleated by cortical Arp2/3 flow inwardly

towards the cell interior [17]. Intriguingly, the actin flow drives

cytoplasmic streaming in the mouse oocyte. Cytoplasmic

particles flow away from the polar cap along both sides of

the cortex towards the opposite side of the oocyte, where the

direction is reversed and the particles move towards the spindle

from the cell centre. Mathematical simulation and experimental

data suggested that cytoplasmic streaming generates a constant

pushing force, which is critical to maintain spindle positioning

during metaphase II arrest (see next section on force gener-

ation). To promote spindle positioning, the cortical Arp2/3-

nucleated actin polymerization not only drives cytoplasmic

streaming, but just as importantly, it also suppresses premature

contraction of the myosin II ring around the actin cap. When the

Arp2/3 activity is inhibited, contraction of the myosin II ring

results in a reverse streaming that drives the spindle away

from the cortex.

As such, asymmetric positioning of the MII spindle is

achieved through a dynamic mechanism involving Arp2/

3-nucleated actin assembly from the cortical cap. The mechan-

ism is distinct from the one implicated in most other cell types

where asymmetric spindle positioning is accomplished by the

cortical dynein complex pulling on astral microtubules [29].

This correlates with the fact that meiotic spindle in the mam-

malian oocyte lacks conventional centrosomes and astral
microtubules. One important feature of such a dynamic mech-

anism is the positive feedback loop between cortical

polarization and spindle positioning: the MII chromosomes

activate Arp2/3-mediated actin polymerization through Ran

signalling to suppress premature myosin II ring contraction

and to drive cytoplasmic streaming. The cytoplasmic stream-

ing, in turn, exerts a pushing force on the spindle towards

the cortex thus keeping the chromosomes and spindle in place.

(c) Hydrodynamic simulation confirms a pushing force
from cytoplasmic streaming

To test whether cytoplasmic streaming can exert a pushing

force on the spindle towards the cortex, a hydrodynamic

model was proposed [17]. Full-scale simulation of actin

flow and cytoplasmic streaming in the oocyte is a demanding

computational problem as it requires consideration of two-

phase liquid three-dimensional dynamics in a complex

geometry. As the observed flow demonstrates rotational sym-

metry and the cytoplasmic streaming follows the actin flow,

one may reduce the simulation to two-dimensional cytosolic

flow in a plane produced by the cross section of the oocyte

along the animal–vegetal axis. The spindle is represented

as an immovable obstacle that can be considered a solid

impenetrable body or a partially penetrable object with a

specific shape. The flow velocity as well as the fluid pressure

distribution is computed as a solution to the Navier–Stokes

equation for incompressible fluid

@u

@t
þ u � ru ¼ �rp

r
þ nr2u;

where u denotes the fluid velocity, p is the pressure and r and n

are the density and kinematic viscosity of the fluid, respectively.

The equation is supplied by the no-slip (zero fluid velocity

u ¼ 0) condition on the circular boundary of the region repre-

senting the oocyte cortex. The flow source mimicking the

Arp2/3-complex-dependent actin flow in the oocytes in this

geometry is located above the spindle at the symmetry axis

between the spindle and the cortical membrane. The simu-

lations show that establishment of a steady-state cytosolic

flow accompanied by the pressure difference on the top and

bottom surfaces of the spindle obstacle generates a force main-

taining the spindle position close to the cortical membrane. In

the case of Arp2/3 inhibition, the actomyosin contraction is

modelled by a flow sink in the same location between the spin-

dle and the cortical membrane. The cytosolic flow has an

opposite direction and the resulting pressure difference drives

the spindle away from the cortex.

Force generation from cytoplasmic streaming is also

supported by the experimental data. For example, the chromo-

some mass was observed to be pushed towards the cortex once

it was released from the spindle by nocodazole treatment [17].

It was also demonstrated that the detached spindle moved back

towards the cortex along with the cytoplasmic particles after

the streaming resumed in CK-666 wash-out oocytes. Cyto-

plasmic streaming was first recorded in MII-arrested oocytes,

and the hydrodynamic model was originally developed

to explain the pushing force accounting for spindle position

maintenance in MII-arrested oocytes. However, it was recently

revealed that the force generated by Arp2/3-orchestrated

cytoplasmic streaming is also involved in moving the spin-

dle towards the cortex during the fast phase of MI spindle

migration [13], as discussed in detail below.
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Figure 3. Biphasic chromosome migration and symmetry breaking in mouse
oocytes. (a) Consecutive actin-based forces driving chromosome migration.
Soon after the formation of the metaphase MI spindle, Fmn2 localized on
ER vesicles generates random and slow spindle/chromosome motion via actin
polymerization at the spindle periphery ( phase I). Once the chromosomes
move to a position where a diffusible chromatin-generated signal could
reach the cortex, the Arp2/3 complex becomes activated at the cortex and
nucleates actin polymerization that drives cytoplasmic streaming, pushing the
chromosomes rapidly towards the cortex ( phase II). (b) A positive feedback
loop drives decisive symmetry breaking in MI oocytes. (Online version in colour.)
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3. Biphasic model of symmetry breaking and
spindle migration in meiosis I

(a) Fmn2-mediated actin polymerization drives the
initial phase of spindle migration

Unlike in meiosis II where the major challenge is to maintain

spindle and cortical asymmetry during a prolonged metaphase

arrest, in meiosis I, the chromosomes–spindle complex has to

migrate to one side of the cortex to prepare for first polar

body extrusion. Spindle migration is a critical symmetry break-

ing step in that it not only establishes its own positional

asymmetry, but also in that the chromosomes induce cortical

polarization. Previous studies established that actin dynamics

and Fmn2, a member of the formin family of actin nucleators,

are critical for spindle migration [14,30]. Fmn2 localizes to the

oocyte cortex as well as the central region of the oocyte

around the spindle [16,31,32]. Correspondingly, intracellular

actin filaments were observed to be enriched around the spindle

by using multiple probes, including Lifeact (EGFP [33] and

FITC labelled [16]), GFP-UtrCH and fluorescently labelled

phalloidin [13]. We reported recently that Fmn2 is recruited

to the vesicular endoplasmic reticulum (ER) structures around

the spindle. This pool of Fmn2 is critical to actin polymerization

around the spindle and spindle migration as its disruption

causes spindle migration defects [13].

As an actin nucleator, Fmn2 is expected to drive spindle

migration through its capability to regulate actin dynamics.

Indeed, Fmn2 is responsible for the assembly of actin filaments

prior to spindle migration, and lack of a cytoplasmic actin

network has been observed in Fmn2 null oocytes [31,32,34].

Importantly, overexpression of Fmn2 evoked bulk accu-

mulation of actin filaments around the spindle [34]. This

population of F-actin is absent from Fmn2 null oocytes and is

resistant to Arp2/3 inhibitor [13]. These observations suggest

that spindle periphery ER-residing Fmn2 nucleates actin

polymerization to promote spindle migration. Cortical Fmn2,

previously thought to be involved in spindle migration, is

associated largely with microvilli. When the spindle approaches

the cortex, the cortical Fmn2 is gradually cleared from the area

facing the approaching spindle [13]. This is in accordance with

exclusion of the microvilli from the cortical cap region, but is in

contrast to the view that Fmn2 nucleates cytoplasmic actin

filaments from the cortex to pull the incoming spindle.

Although an earlier study proposed that cortical Fmn2-

nucleated F-actin provides a track for spindle-pole-associated

myosin II to pull the spindle [32], emerging evidence suggests

that Fmn2-mediated actin polymerization may instead exert a

direct pushing force [13,34]. In GV-arrested oocytes, moderate

Fmn2 overexpression induced local accumulation of Fmn2 and

actin filaments on the GV membrane, which was observed to

push the GV to migrate towards the cortex. In the case of

chromosome migration without an intact spindle, Fmn2

remained associated with a spindle remnant structure. It was

shown that the chromosomes always migrated towards the

cortex with the spindle remnant and Fmn2 lagging behind,

further suggesting that Fmn2-mediated actin polymerization

pushes the chromosomes forward [13]. It was previously

hypothesized that Fmn2-nucleated actin polymerization pro-

pels spindle migration by a mechanism similar to the one

harnessed by Listeria or verprolin central acidic domain-

coated beads [16,35,36]. However, careful examination

indicated that, prior to the start of spindle migration, there is
no obvious asymmetry of Fmn2 or F-actin distribution when

the spindle is intact [13]. Considering this fact, it was proposed

that symmetric Fmn2 nucleation generates a random and sto-

chastic pushing force on the spindle, which drives the spindle

to migrate in a random manner. Indeed, trajectory tracking

and mean square displacement (MSD) analysis of spindle-

intact or spindle-less chromosome movement suggested that

the first 5–10 mm of migration is slow and non-directional [13].

(b) Arp2/3-orchestrated cytoplasmic streaming drives a
phase of fast spindle movement

Following an initial phase of spindle migration characterized

as a random walk, the second phase of spindle motion is

faster and more directional [13]. Concurrent with the fast-

phase spindle movement, cytoplasmic streaming was

observed. The streaming lasted after first polar body extru-

sion and continued to maintain the MII spindle at the

cortex during MII arrest. Not surprisingly, the Arp2/3 com-

plex is recruited to the MI cortical cap at the onset of the

fast migration phase. Inhibiting Arp2/3 activity abolishes

cytoplasmic streaming, thus resulting in abolishment of the

second phase of straight and accelerated movement. The
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Figure 4. Modelling biphasic spindle movement in mouse oocytes. (a) Schematic of model assumptions. Stochastic random pushing forces generated by Fmn2-mediated
actin polymerization are applied from all directions around the spindle in zone 1. The net force is computed by as a vector sum of individual forces applied to the spindle
centroid and split into two components: parallel F1 and normal F2 to the direction of the spindle long axis. The velocity vi in these two directions is computed using the
formula: vi ¼ giFi/(6p m), where m is the cytosolic viscosity and gi is the shape factor (g1 . 1, g2 , 1) reflecting the motion along and normal to the axis. When
the spindle centroid reaches the boundary of Arp2/3 activation by the chromatin (zone 2), cytoplasmic streaming is turned on and produces an additional force parallel to
the long spindle axis towards the closest cortex. The dependence of the magnitude F of this force on the distance d between spindle centroid and cortex was modelled
using an FðdÞ � expð�bdÞ exponential function. All simulations were performed using MATHEMATICA. (b) A representative trajectory generated by the model simulation.
(c) a value of the MSD analysis of the trajectories generated from 200 simulations. Histograms show mean and s.e.m. (d ) The model predicts that spindle migration is
biased along the longer axis. The angle between the long spindle axis and the vector of its migration was calculated from 200 simulated trajectories. The histograms
show binned counts of the angles from the 200 simulations. (e) The model predicts that off-centred spindle tends to move in the direction of the proximal cortex. The
simulation was run under three situations, where the spindle centroid is at the oocyte centre (red dot), off-centre closer to the upper cortex, or off-centre farther from the
upper cortex. The percentage of the cases where the spindle migrates to the upper cortex was calculated from 100 simulations. (Online version in colour.)
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facts that streaming speed increases as the chromosome-to-

cortex distance shortens and that the spindle migrates at an

increasing speed suggest a mutual enhancement between

Arp2/3 activation and chromosome migration, similar to

the positive feedback loop responsible for spindle position

maintenance in MII oocytes. It is of note that the function

of Fmn2 may not be to simply generate the first phase of

chromosome movement, because in a Fmn2 null oocyte

Arp2/3 activation and cytoplasmic streaming were not

initiated even when the chromosomes were naturally placed

near the cortex.

(c) A biphasic model for symmetry breaking and
spindle migration

Based on the work described above, it was proposed that sym-

metry breaking and chromosomes/spindle migration are

accomplished by a two-phase process (figure 3a). The first
phase is driven by a pushing force generated from actin

polymerization nucleated by ER-bound Fmn2 at the spindle

periphery. Although this movement is non-directional, it can

move the chromosomes and spindle to a position closer to

the cortex. Once the chromosomes reach a position within a

range of 20–25 mm to the cortex, it stimulates an Arp2/3-

orchestrated cytoplasmic streaming that further pushes the

spindle towards the cortex in a fast and directed manner. In

this model, the Fmn2-mediated migration does not result in

symmetry breaking, and decisive symmetry breaking occurs

when the chromosomes are within a certain distance of the

cortex, as a result of a positive feedback between the Arp2/

3-dependent cortical actin polymerization and chromosome

movement itself. This model of symmetry breaking is different

from previous ‘pulling’ and ‘pushing’ models, both of which

proposed that symmetry breaking takes place at the onset of

spindle migration, with one suggesting it to be a result of

one spindle pole winning a tug-of-war by pulling with
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myosin II and the other emphasizing the importance of Fmn2/

F-actin distribution asymmetry [16,32]. By contrast, the bipha-

sic model does not rely on an initial asymmetry in force

generation or Fmn2/F-actin distribution. It proposes that

establishment of spindle position asymmetry and cortical

polarity in MI oocytes is a consequence of Fmn2-mediated per-

turbation of spindle position and the positive feedback loop

described above (figure 3b).

(d) Mathematical simulation of biphasic spindle
migration and symmetry breaking

To test the above model, a mathematical model is developed

that assumes stochastic forces applied from all directions

around the spindle in a zone (zone 1) concentric with the

oocyte with a radius at the threshold for cortical Arp2/3 acti-

vation by the chromatin signal (figure 4a). Only the net force

that goes through the spindle centre is considered because

this force does not generate rotation rather displacement.

The difference in the drag force when the spindle moves in

different directions relative to the spindle axis is estimated

by the observed dimension of the spindle. If the chromo-

somes are beyond zone 1 (in zone 2), the Arp2/3 complex

is activated at the proximal cortex to initiate the cytoplasmic

streaming, which applies a directional pushing force on the

spindle towards the Arp2/3 domain, and the magnitude of

this force increases with decreasing distance between the

chromosomes and the cortex. Simulation of this mechanical

model, indeed, yields biphasic migration trajectories with

the first phase close to a random walk and the second

phase as straight directional motion (figure 4b,c).

In addition to the biphasic feature of spindle movement,

several other spindle migration characteristics have been

described. For example, it has been observed that the direc-

tion of the spindle migration is biased along its long axis.

This feature can be predicted by the model and is an outcome

of the difference in the magnitude of the drag force experi-

enced by the spindle that favours pole-led, as opposed to

side-led, movement (figure 4d ). Another previously noted

trend is that an off-centred spindle tends to move in the direc-

tion of the proximal cortex. Again, our mechanical model can

recapitulate this trend, which can be rationalized by the

increased likelihood for the chromosomes undergoing the

first phase of random motion to reach a zone 2 region close

to the proximal cortex and therefore initiate the fast migration

towards it (figure 4e).
4. Summary and perspective
As the critical events in asymmetric divisions during mouse

oocyte maturation, asymmetric spindle positioning and corti-

cal polarization are interdependent: establishment of the two

relies on a feedback loop between chromatin-induced cortical

Arp2/3 activation and the Arp2/3-orchestrated cytoplasmic

streaming that exerts a force on the chromatin. The feedback

loop either maintains asymmetric spindle positioning at meta-

phase II or pushes the spindle to move towards the cortex

during meiosis I. The fact that cytoplasmic streaming con-

tinues from MI when the chromosomes are close to the

cortex to MII arrest indicates that a singular molecular mech-

anism underlies cytoplasmic streaming. Indeed, the Arp2/3

complex is activated at the cortex of both MI and MII oocytes

and is essential for the streaming. In metaphase II, the Arp2/3

complex is activated through a chromatin-dependent RanGTP

gradient; however, it is not known whether a similar pathway

activates Arp2/3 in meiosis I. As a profound characteristic in

mature oocytes, cytoplasmic streaming was speculated to be

an indicator for oocyte quality, which calls for further investi-

gation into whether the extent of streaming correlates with

the oocyte’s developmental potential. Further, cytoplasmic

streaming apparently has an influence on distribution of the

proteins and organelles within a mature egg. It is tempting

to speculate that it has an impact on pre-cleavage patterning

of these intracellular materials.

Spindle migration in MI provides an example of how

forces generated by actin dynamics promote symmetry

breaking. It is interesting that two types of actin nucleators

were sequentially used to nucleate actin filaments in order

to propel spindle migration in oocytes, and that symmetry

breaking occurs as a result of positive feedback initiated

after partial chromosomes–spindle migration. Mathematical

simulation of the biphasic model captures the main features

of chromosome movement, thus providing a simple platform

for further exploration of the mechanical properties of this

motility. Future work should also elucidate how Fmn2 is

recruited to the vesicular ER and how this process is

temporally regulated during meiotic divisions.
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