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SUMMARY

Recent work shows that cytokinesis and other cellular morphogenesis events are
tuned by an interplay among biochemical signals, cell shape, and cellular mechanics.
In cytokinesis, this includes cross-talk between the cortical cytoskeleton and the
mitotic spindle in coordination with cell cycle control, resulting in characteristic
changes in cellular morphology and mechanics through metaphase and cytokinesis. |
The changes in cellular mechanics affect not just overall cell shape, but also mitotic

spindle morphology and function. This review will address how these principles apply
to oocytes undergoing the asymmetric cell divisions of meiosis | and Il. The bio-
chemical signals that regulate cell cycle timing during meiotic maturation and egg
activation are crucial for temporal control of meiosis. Spatial control of the meiotic
divisions is also important, ensuring that the chromosomes are segregated evenly and
that meiotic division is clearly asymmetric, yielding two daughter cells — oocyte and
polar body — with enormous volume differences. In contrast to mitotic cells, the oocyte
does not undergo overt changes in cell shape with its progression through meiosis, but
instead maintains a relatively round morphology with the exception of very localized
changes at the time of polar body emission. Placement of the metaphase-I and -II
spindles at the oocyte periphery is clearly important for normal polar body emission,
although this is likely not the only control element. Here, consideration is given to
how cellular mechanics could contribute to successful mammalian female meiosis,
ultimately affecting egg quality and competence to form a healthy embryo.
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INTRODUCTION

In all cells, one of most fundamental functions of the
cortex (i.e., the cortical region of the cell, the region under-
lying the plasma membrane) is the regulation of the cell’s
shape and mechanical properties. These regulatory events
are central to nearly all aspects of cellular function, and
are relevant to multicellular structures, such as during
contraction of muscles, wound healing, gastrulation, and
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organogenesis, and to individual cells, in processes such as
cell migration and cell division. A key function of the cortex
comes into play specifically during cytokinesis, which
requires the coordinated actions of the cortical cytoskeleton
and the spindle. The spindle provides cues for its own
localization as well the subsequent localization of the
cleavage machinery, and the cortex provides cues to the
spindle as well. Recent work shows that cytokinesis
and other cellular morphogenesis events are tuned by
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an intricate interplay between three linked elements:
(a) biochemical signals, (b) cell shape and morphology,
and (c) cellular mechanics (Fig. 1A,B). Biochemical signals
include events that are typically considered components
of cellular signal transduction cascades, such as a post-
translational modification that activates or inactivates a
substrate, the generation of CAMP by adenylate cyclase,
or an increase in cytosolic calcium ions through influx from
the extracellular space or release from intracellular calcium
stores. The intersection of these three elements is apparent
in a variety of cellular processes. For example, tissue injury
triggers a dramatic response of cell proliferation and wound
healing, both of which involve coordinated intracellular
signaling, cell shape changes, and modulation of cellular
mechanics. This tripartite control system has been char-
acterized in studies of Dictyostelium cell shape and cytokin-
esis, showing that these interacting biochemical and
mechanical modules impact cell morphology, and these
three elements form a series of feedback loops (Surcel
et al., 2010) (addressed in more detail below). Features of
this control system are now readily recognizable in other
cells types and organisms, suggesting that this may be a
universal, fundamental principle for cytokinesis regulation
(Reichl et al., 2005; Zhang and Robinson, 2005; Ren et al.,
2009). In this review, we will address how these principles
apply to oocytes.

INTRODUCTION TO CELLULAR MECHANICS
DURING MITOSIS

A key metric of cellular mechanics is cortical tension,
defined as the force in the cortex and overlying plasma
membrane that serves to minimize the surface area to
volume ratio, and is comprised of all the mechanical stres-
ses, generated intrinsically as well as extrinsically, at the
surface of the cell (Evans and Yeung, 1989; Derganc et al.,
2000) (Fig. 1B,C). The study of cellular mechanics during
mitosis in early embryos dates to the 1930s—1950s with
investigations of echinoderm and amphibian zygotes (Cole,
1932; Cole and Michaelis, 1932; Mitchison and Swann,
1954, 1955; Selman and Waddington, 1955), and more
recently has been extended to multiple types of mitotic cells.
Cytokinesis, along with the spindle functions associated
with cytokinesis, is a fascinating model for examining the
intersections between these three elements noted above
(Fig. 1A), as a mitotic cell undergoes coordinated changes
in cell shape, mechanical properties, and biochemistry with
progression through the cell cycle. These early studies
identified an increase in tension occurring at the beginning
of embryonic cleavage in zygotes (Mitchison and Swann,
1955; Selman and Waddington, 1955), which is similarly
observed in numerous other cell types, with a characteristic
rounding and cortical stiffening occurring with entry into
M-phase (Matzke et al., 2001; D’Avino et al., 2005; Reichl
et al., 2005; Effler et al., 2007; Kunda et al., 2008; Stewart
et al., 2011) (Fig. 2A). Cell rounding is accompanied by
entry into metaphase, when the cell elongates, which
includes the orientation of the mitotic spindle parallel to
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Figure 1. Principles governing cell shape change. The core principle
being addressed here is that cellular morphogenesis (including cell
shape in oocytes during their progression through meiosis) is governed
by three inextricably linked elements: biochemical signals and path-
ways, cell shape, and cell mechanics (Panel A). The schematic
diagrams in Panels B-D illustrate these signals in a cellular context.
There are a myriad of extrinsic signals to the typical cell that govern
cellular behavior (Panel B), including biochemical inputs from
receptor-mediated signaling upon ligand binding, signals generated
by cell adhesion (cell-to-extracellular matrix, illustrated here, or cell-
to-cell), and ion transport. Perhaps less appreciated and addressed in
cell biology textbooks, but no less important, is the collection
of cellular responses to internal and externally imposed stress
(which can be thought of as a force per area). Cellular sensing of
mechanical cues (also known as mechanosensing) can occur through
(A) stretch-activated channels (Martinac, 2004), (B) adhesion-asso-
ciated proteins (Geiger et al., 2009; Moore et al., 2010), and (C)
through myosin motors, which are force-transmitting enzymes
(Kee and Robinson, 2008; Ren et al., 2009). Moreover, there also
can be intrinsic mechanical stresses generated by the cytoskeleton in
the cortex and throughout the cytoplasm (Panel C). Finally, there are
specialized cues occurring in a mitotic cell, with the mitotic spindle in
metaphase and the central spindle in anaphase (illustrated in Panel D)
sending biochemical and mechanical signals to the cortex, as well as
the cortex signaling to the spindle.
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Figure 2. Comparisons of changes occurring during mitosis and mammalian female meiosis. Schematic diagrams showing changes in cell
shape and mechanics occurring in a mitotic cell (A) and in a mouse oocyte going through meiosis (B), illustrating the changes that occur
through these transitions. Panel A depicts the basic morphological changes and associated mechanical events of a mitotic cell, while Panel B
diagrams the basic morphological events and mechanical transitions that occur during mouse female meiosis. Tubulin is shown in green,

and actin is red.

the cell’'s long axis (Gibson et al., 2011; Minc et al., 2011)
(Fig. 2A). In anaphase and telophase, cues from the central
spindle aid in cleavage furrow organization (Fig. 1D), which is
accompanied by anincrease in the apparent cortical stiffness
in the furrow region and ultimately leads to myosin II-
mediated contraction during cytokinesis (Reichl et al.,
2008) (Figs. 1D and 2A). Thus, mitosis is characterized by
dramatic changes in cellular mechanics and cell shape, and
these changes in cellular mechanics affect not just overall
cell shape, but also mitotic spindle morphology and function.

The mitotic cell system is governed by a system of
feedback loops that are characterized by cross-talk
between the cortex and the mitotic spindle. Initially, it
was observed in Drosophila spermatocytes that perturba-
tions of the proteins associated with the central spindle
microtubules disrupted the formation of the contractile ring
network. Conversely, disruption of proteins thought to
be involved in contractile ring assembly led to central
spindle defects (Giansanti et al., 1998). These observations
were interpreted to mean that the spindle microtubules
and the contractile ring interact cooperatively. Further,
cortical myosin Il helps the mitotic spindle elongate during
anaphase of mammalian cell culture cells (Rosenblatt et al.,
2004). More recently in Dictyostelium, a 14-3-3 protein, a
cortically enriched, small acidic protein that interacts with
many proteins in the cell, was shown to integrate the
microtubule network and cortical Rac-family small GTPase
to regulate cortical myosin Il (Zhou et al., 2010). Further,
the 14-3-3 protein was similarly required to maintain normal
microtubule structure, indicating that 14-3-3 acts at a nexus
between the microtubule and cortical networks. Finally,
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because myosin Il distribution is exquisitely sensitive to
mechanical stress and given these various modes of cross-
talk, the entire contractile and microtubule networks are
poised to be governed through feedback loops (Surcel
et al., 2010).

THE PERSPECTIVE OF THE OOCYTE

In contrast to what is known about the mechanical
properties of mitotic cells, there has been only limited
information about mechanical transitions during female
meiosis. Nevertheless, female meiosis is of considerable
interest because of the challenges of this distinctive cell
cycle and its accompanying cell divisions (although meiosis
is actually not a cycle per se, and instead is a “one-way trip”
to create a haploid cell), as well as because of the impor-
tance of meiosis to overall reproductive success.

The female gamete is a fascinating case to study when it
comes to cell divisions, due to the unique requirements of
female meiosis and the temporal and spatial regulation of
the meiotic divisions. Oocytes in all species arrest during
prophase of meiosis |; this arrest, which is crucial for oocyte
growth, can last for days to years, depending on the spe-
cies. The timing of progression out of this prophase | arrest
must be carefully regulated, both in terms of the oocyte
itself, dependent on whether or not the oocyte has reached
the appropriate stage of growth, and in terms of overall
reproductive physiology (e.g., environmental cues for
reproductive season, spawning behavior, or the presence
of an appropriate mate; hormonal cues regulating the
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estrus/menstrual cycle). Species also differ in whether their
oocytes progress through two successive meiotic divisions
from a single cue or arrest a second time. Some species’
oocytes exit from prophase-| arrest in response to fertiliza-
tion (e.g., surf clam Spisula and the marine worm Urechis).
Most vertebrate oocytes exit from prophase-| arrest upon
release from the ovarian follicle, and progress to a second
meiotic arrest at metaphase Il, remaining at this stage until
fertilization by sperm. Other species’ oocytes have a sec-
ond arrest in metaphase | (ascidian, dog, fox); in some of
these species, the oocytes maintain arrest until fertilization,
while in other species, the oocytes are typically fertilized at
metaphase |, but are also able to progress past metaphase |
even in the absence of fertilization (starfish, C. elegans,
Drosophila).

No matter what the timing or regulation of progression
through meiosis, there are very strict demands on meiotic
divisions in all oocytes. The chromosomes must be segre-
gated evenly between the daughter cells during the meiotic
divisions, whereas the other cellular contents must be
distributed very asymmetrically, so that the egg cytoplasm
retains the materials that were stockpiled during oogenesis
to support early embryogenesis. Thus, as shown in
Figure 2B, the meiotic divisions create a large egg and
small polar bodies. This also makes the oocyte’s cell divi-
sions an interesting model for asymmetric cell divisions in
general, relevant to numerous developmental and differ-
entiation events (Gonczy, 2008; Grill, 2010). While the fates
of the polar bodies differ among species (Schmerler and
Wessel, 2011), a conserved aspect of polar body function
is the elimination of one set of chromosomes, leaving
the haploid maternal genome component in the oocyte
to merge with the haploid paternal contribution. These
phenomena are crucial for reproductive success, as defects
in processes during meiosis | or Il (e.g., polar body emis-
sion, organization and stability of the metaphase | or Il
spindles) can compromise egg quality and egg competence
to form a healthy embryo. The process of polar body
formation is part of this, as defects in this process of
segregation of oocyte cytoplasmic components have
been observed in numerous instances, some of which
are associated with female infertility or subfertility (e.g.,
Sharan et al., 2004; De Santis et al., 2005; Ubaldi and
Rienzi, 2008; Levi et al., 2010; Luo et al., 2010).

HOW TO MAKE A POLAR BODY

Taking all these demands on the meiotic divisions into
account, how does the oocyte complete cytokinesis so that
the chromosomes are distributed correctly while under-
going the necessary asymmetric cell divisions to create
the egg and the polar bodies? The answer to this funda-
mental question is not as simple as might be assumed.
Spindle positioning certainly is one component of this.
During meiosis | in mammalian oocytes, the spindle orga-
nizes around the DNA, approximately in the center of the
oocyte, then moves to the cell cortex (Brunet and Maro,
2005). The actin cytoskeleton, along with Mos kinase but
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not microtubules, is required for the cortical migration of the
spindle (Brunet and Maro, 2005). Interestingly, in mos-null
oocytes, the first polar body formed around one pole of a
symmetrically placed spindle, producing a much larger than
normal polar body (Verlhac et al., 2000). Multiple proteins,
including formin-2 and the small GTPases Rac, Cdc42, and
Ran, have now been implicated in spindle localization,
spindle migration, and/or the remodeling of the oocyte
cortex in response to underlying chromatin (Leader et al.,
2002; Na and Zernicka-Goetz, 2006; Deng et al., 2007;
Dumont et al., 2007; Halet and Carroll, 2007). In meiosis Il,
the metaphase-Il spindle in the arrested egg needs to be
maintained in this peripheral location, sequestered in a
portion of the oocyte cytoplasm adjacent to the cortex
(Fig. 2B). While the placement of the metaphase-I and -II
spindles at the oocyte periphery is clearly important for polar
body emission, this is far from a complete picture. As
illustrated in Figure 3A, from a cellular mechanics stand-
point, it is rather remarkable that this cell division occurs at
all. The radius of a mouse egg (r4) is ~34-38 um, whereas
the radius of the polar body (r5) is ~10um (Barrett and
Albertini, 2007). The cortical tension of the oocyte (T4) and
the cortical tension of the polar body (T,) combined with the
average local membrane curvature (kx = 2/r) would be pre-
dicted, if T1 and T, are similar, to yield a pressure differential
(with P=KkT, the pressure differential [AP] would be
k4T1 —k,T5) across the neck of the polar body that would
disfavor the emergence of the polar body. The principles of
fluid dynamics predict that the polar body would likely
collapse into the oocyte.

This sets up a consideration of the three interacting cues
for cellular morphogenesis (i.e., the triumvirate of biochem-
istry, cell shape, and mechanics (Fig. 1A)). Mitotic cells
manage their cell divisions in part through regulation of cell
shape, through the coordination of biochemical and
mechanical signals (Figs. 1 and 2). On the other hand,
the mammalian oocyte does not undergo overt changes in
cell shape with its progression through meiosis, consistently
maintaining a relatively simple, round morphology with the
exception of very localized changes at the time of polar body
emission. It should be pointed out here that in Xenopus
oocytes, the astral microtubules near the cortex define an
inner zone of activated cdc42, which leads to new actin
assembly, while activated Rho is found in a flanking, outer
ring, where myosin Il and stable actin filaments are found
(Ma et al., 2006; Zhang et al., 2008). While these localiza-
tions unquestionably shed light on the biochemical under-
pinnings of polar body formation, a fundamental question is
how do these molecular scale dynamics lead to the relevant
changes in cellular mechanics that drive the polar body to
form. In other words, how do the mechanics, which ulti-
mately form the polar body, fit in? Little is known about the
mechanical properties of a meiotic cell. The original work on
cellular mechanics during meiosis was performed on star-
fish oocytes, which enter and complete oocyte meiotic
maturation (and the two cell divisions) in response to appli-
cation of 1-methyladenine. These studies revealed transi-
ent increases in global tension immediately preceding
cytokinesis to produce the two polar bodies (Hiramoto,
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Figure 3. Mechanical and cytoskeletal considerations for polar body emission. Panel A: Cytokinesis during mammalian female meiosis yields a
daughter polar body that is ~2—4% of the volume of the oocyte. The radius of a mouse egg (r1) is ~34—38 um whereas the radius of the polar body
(r2) is ~10um (Barrett and Albertini, 2007). The cortical tension of the oocyte (T;) and the cortical tension of the polar body (T») combined with
the average local membrane curvature (i = 2/r) would be predicted, if T, and T, are similar, to yield a pressure differential (AP =T, —k2T5)
across the neck of the polar body that would disfavor the emergence of the polar body. The metaphase-Il mouse egg, however, sets up a
mechanical polarity (Larson et al., 2010), creating a microdomain for sequestration of the metaphase-II spindle. This mechanical polarity is
contributed to by actin (which is present throughout the cortex and enriched in the amicrovillar domain; shown in red in Panel B), combined with
the activity of myosin-I1, and by ERM proteins (enriched in the microvillar domain; shown in yellow in Panel B). This microdomain surrounding the
spindle (shown in white opposite the gray shading in Panels B and C) likely leads to contractile stresses pulling towards the polar body, thereby

overcoming the inward pressure from the polar body (Panel C).

1976; Ikeda et al., 1976; Shoji et al., 1978). However, there
was no information on possible asymmetries in tension,
which could be important considering how dramatic asym-
metric cytokinesis is during female meiosis. Furthermore,
as noted above, mammalian female meiosis has more
complex temporal regulation than that of echinoderms. In
contrast to starfish oocytes, mammalian oocytes progress
through meiosis in a very staggered fashion — exit from
prophase-l arrest leads to an extended prometaphase/
metaphase | (lasting much longer than metaphase for the
typical mitotic cell or metaphase in a meiotic starfish oocyte,
both of which last ~10-20 min), to an arrest at metaphasell;
exit from metaphase Il is triggered by fertilization.

Our own recent work has characterized cortical tension
in mouse oocytes (Larson et al., 2010). Although oocytes do
not undergo striking changes in cell shape during meiosis,
we find that mouse oocytes do undergo dramatic changesin
cortical mechanics during the key meiotic transitions
(Larson etal., 2010). There is a ~6-fold decrease in cortical
tension during meiotic maturation from prophase | to meta-
phase Il, and then a ~1.6-fold increase upon fertilization
and egg activation from metaphase Il to embryonic inter-
phase (Fig. 2B). Interestingly, the tension level in prophase-
| oocytes, ~5—6 nN/um, makes them among the more rigid
cell types studied (Hochmuth, 2000). At metaphase Il
arrest, there is a nearly 2.5-fold mechanical polarity in
the egg, with higher tension in the spindle-sequestering
amicrovillar domain as compared to the microvillar domain,
which supports sperm interaction (Figs. 2B and 3C).

The molecular players in oocyte cortical tension as well
as the consequences of aberrant tension have started to be
uncovered as well. Perturbation of the function of actin,
myosin-Il, or the family of actin-to-membrane tethering
proteins known as ERMs (for the three family members,
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ezrin, radixin, and moesin) reduces cortical tension in
mouse eggs and also causes significant defects in spindle
function during exit from metaphase Il arrest upon fertiliza-
tion, with failures in spindle rotation and polar body emission
(Larson et al., 2010).

This function of myosin Il (Fig. 3B) in mouse oocyte
mechanics is consistent with myosin-II function in cortical
tension and cell shape changes during mitosis in other cell
types (Pasternak and Elson, 1985; Pasternak et al., 1989;
Luceroetal., 2006; Carreno etal., 2008; Kunda et al., 2008).
The members of the ERM family mediate actin-membrane
interactions (Bretscher et al., 2002; Fehon et al., 2010),
although their roles in cell polarity and cellular mechanics
are also starting to be appreciated. Flies deficient in Moesin
(the only Drosophila ERM protein) have abnormalities in
oocyte cell shape, oocyte polarity, actin organization, and
localization of certain maternal determinants such as Oskar
and Staufen (Jankovics et al., 2002; Polesello et al., 2002).
RNAI studies of Drosophila S2 cells and of Dictyostelium
cells show that ERM proteins contribute to cortical
mechanics (moesin in Drosophila (Carreno et al., 2008;
Kunda et al., 2008), and enlazin, the closest ERM relative in
Dictyostelium (Octtaviani et al., 2006)). It is interesting to
note that radixin is among the most abundant mRNAs
detected in mouse oocyte transcriptomes (e.g., Evsikov
etal., 2006; Unigene library IDs 18552, 10029, 14142), and
also appears to be an abundant protein, ~8-fold more
abundant in oocytes than in liver, which is the tissue where
phenotypic abnormalities were reported for the Radixin-null
mouse (Kikuchi et al., 2002). Although no fertility defects
have been reported for Radixin-null females, it should
be noted that (a) no extensive analysis of reproductive
function was reported for Radixin-null animals, and
(b) mouse eggs also express ezrin and moesin and the
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three ERM knockouts suggest that there is significant
functional overlap between ezrin, radixin, and moesin,
with each of these knockouts having very tissue-specific
phenotypes in the tissues where an individual family
appears to be solely or prominently expressed (Doi et al.,
1999; Kikuchi et al., 2002; Saotome et al., 2004).

The discovery of the nearly 2.5-fold mechanical differ-
ential between the microvillar and amicrovillar domains in
mouse eggs (Fig. 3C) sheds important light on a paradox of
cytokinesis biology. Mitotic cytokinesis that is producing
symmetrically sized daughter cells appears to be exqui-
sitely sensitive to pressure imbalances induced by mechan-
ical stress. Studies of mitotic Dictyostelium cells using
micropipette aspiration to induce mechanical stress show
that the cell responds to the mechanical stress by triggering
a local accumulation of a network of contractile proteins at
the aspiration site; this myosin-ll-enriched region then
retracts back into the cell (Effler et al., 2006; Ren et al.,
2009) (see Fig. 4 in Effler et al., 2006). In a similar fashion,
myosin-Il accumulates in the polar cortex of the polar body
with progression into telophase (Simerly et al., 1998), which
makes it all the more intriguing that the asymmetric cell
division of polar body emission occurs rather than have the
polar body retract back into the egg, as the myosin-II-
enriched region in a mitotic cell does (Effler et al., 2006;
Reichl et al., 2008; Ren et al., 2009). Our recent results
(Larson et al., 2010) suggest that the egg may deal with this
issue in advance of cytokinesis, during metaphase Il arrest,
by establishing the amicrovillar domain at metaphase Il that
serves to isolate the spindle, and thus the developing polar
body, from the rest of the egg to allow myosin-llI-mediated
contraction to locally deform the cortex, facilitating asym-
metric cell division (Fig. 3C,D). Similar actin-rich cortical
domains are found overlying the spindle in oocytes of other
organisms such as the surf clam (Pielak et al., 2004),
suggesting that the mechanical differential may prove to
be a principle of polar body formation that extends beyond
mammalian cells.

OTHER POSSIBLE IMPLICATIONS OF MECHANICS
IN OOCYTES

An additional finding of this recent work on mammalian
oocyte mechanics (Larson et al., 2010) was that the
mechanical characteristics of metaphase Il eggs matured
in vivo (i.e., ovulated eggs collected from the oviducts)
differ from those of metaphase Il eggs matured in vitro
(i.e., prophase | oocytes collected from ovaries, and then
cultured in conditions that do not maintain high protein
kinase A activity, leading to exit from prophase-l arrest
(Cho et al., 1974)). Specifically, the effective tension in
the amicrovillar domain in in vitro matured metaphase-l|
eggs is significantly lower than the effective tension in
the amicrovillar domain in in vivo matured (ovulated)
metaphase-Il eggs (2.0 nN/um and 2.3 nN/um, respectively
(Larson et al., 2010)). This is especially interesting in light
of the body of work showing morphological differences
between in vivo- and in vitro-matured eggs, including differ-
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ences in egg and polar body sizes, and differences in the
metaphase-Il spindles (Sanfins et al., 2003, 2004; Barrett
and Albertini, 2007). Spindles in ovulated eggs tend to be
shorter and often with narrower poles as compared to the
spindles in in vitro matured eggs, which are longer with
broader poles (Sanfins et al., 2003, 2004; Barrett and
Albertini, 2007). This raises the possibility that amicrovillar
tension may be a contributing factor associated with
these differences in spindle morphology, along with the
difference in y-tubulin that has also been characterized
(Barrett and Albertini, 2007). This will be an interesting
area for future study with implications for cell biology as
well as potentially for clinical practice in assisted reproduc-
tive technology clinics that use in vitro oocyte maturation
methods.

A question to be considered is if cortical tension in
the egg could impact not just cytokinesis and polar body
emission, but fertilization. At the very least, the discovery of
mechanical polarity in the metaphase-Il mouse egg brings
a new appreciation of cell polarity in this cell type. The
microvillar and amicrovillar domains have well-character-
ized differences in molecular composition and functionality,
with polarized distributions of a number of proteins (actin
being just one of them), cortical granules, and microvilli
(Nicosia et al., 1977; Longo and Chen, 1984, 1985; Brunet
and Maro, 2005; Azoury et al., 2008). Most notably, sperm-
egg fusion occurs preferentially on the microvillar domain
(Yanagamachi, 1978; Yanagimachi, 1988). Also of interest
is the membrane block to polyspermy, the post-fertilization
decrease in egg membrane receptivity to sperm resulting
in a membrane that does not support sperm interactions
(Gardner and Evans, 2006). As noted, our work showed that
the microvillar domain has lower tension than does the
amicrovillar domain, and also that the early zygote has
a higher tension level than does the unfertilized egg
(Larson et al., 2010), raising the question of whether or
not the level of cortical tension contributes to the spatial
and temporal regulation of sperm-egg interaction. But
prophase-| oocytes have even higher tension levels than
do early embryos or the amicrovillar domain of eggs, and
prophase-| oocytes can be fertilized. Based on this, high
tension does not appear to be sufficient to make a mem-
brane, either of the zygote or in the amicrovillar domain of an
egg, impenetrable by sperm. However, it is possible that
cortical tension plays a role in the ability of the oocyte
membrane and cortex to respond to sperm; for example,
we have found that zona pellucida-free, prophase-l oocytes
become highly polyspermic when inseminated due, at least
in part, to deficiencies in membrane block establishment
(Klein, Moraine, and Evans, unpublished data). A putative
function of cortical tension in the ability of oocytes to
respond to sperm (known as “activation competence,”
a component of developmental competence (Ducibella,
1998; Swain and Pool, 2008)), remains to be fully charac-
terized, but could be afruitful area considering that (a) many
events of the egg-to-embryo transition initiate in the
egg cortex and (b) both cortical tension and activation
competence differ dramatically between prophase | and
metaphase Il
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It is starting to be appreciated (or re-appreciated) that
mechanical cues as well as mechanical responses can play
important roles in cellular physiology, and a mechanical
stress can be just as significant as a biochemical event like
signaling from a ligand binding to a receptor, the increase
in concentration of a cytosolic second messenger like Ca®*
or cAMP, or the activation of a kinase. The sensing of a
mechanical stress is known as mechanosensing, and
mechanosensing, along with mechanotransduction, com-
prise the processes by which cells sense and respond to
mechanical cues (and these responses could be mechan-
ical or biochemical) and/or undergo a mechanical change in
response to a cue (and the cue could be mechanical or
biochemical). Known modes of mechanosensing include
stretch-activated channels (Martinac, 2004), mechanosen-
sitive adhesion-associated proteins (Geiger et al., 2009;
Moore et al., 2010), and force transmission through myosin
motors (Kee and Robinson, 2008; Ren et al., 2009). This
first mode of mechanosensing appears to be important
in Drosophila oocytes, as mechanical stimulation during
ovulation and passage of the oocyte through the narrow
female reproductive tract likely is part of the pathway
that triggers the oocyte-to-embryo transition, possibly by
allowing influx of extracellular Ca* into the oocyte (Horner
and Wolfner, 2008). Our work implicates myosin-ll-based
contractility in mouse oocyte mechanics (Larson et al.,
2010), and this third mode of myosin-ll-based mechano-
sensing, may be functioning in oocytes during progression
through meiosis.

In summary, cellular mechanics is returning to the
forefront as a crucial subdiscipline in biology. This is under-
scored by the rich history of studying mechanics in early
invertebrate embryos starting in the first part of the 20th
century, which in turn provided a foundation for the more
recent studies of mouse oocytes noted here (Larson et al.,
2010). Taken together, the work suggests that the mechan-
ical properties of the oocyte are critical for successful
progression through cytokinesis, polar body emission,
and spindle morphology, and more broadly raises the
possibility that oocyte mechanics may prove to be a marker
linked with egg health and quality.
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