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Separation anxiety: Stress, tension and cytokinesis
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Cytokinesis, the physical separation of a mother cell into two daughter cells, progresses through a
series of well-defined changes in morphology. These changes involve distinct biochemical and
mechanical processes. Here, we review themechanical features of cells during cytokinesis, discussing
both the material properties as well as sources of stresses, both active and passive, which lead to the

observed changes in morphology. We also describe a mechanosensory feedback control system that
regulates protein localization and shape progression during cytokinesis.
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Introduction

Cell shape changes form a fundamental step inmany developmental
processes, including tissue morphogenesis and organogenesis.
Deformation and reformation of cell morphology require physical
forces acting on the cell's physical material, all under the regulation
of biochemical signaling pathways. Identifying the mechanical
properties of cells and unveiling the molecular mechanisms driving
shape changes are a great challenge in the field of cell and tissue
morphogenesis. A first step is to understand the mechanics behind
one of the simplest cell shape change processes, cytokinesis.
Cytokinesis is a dynamic morphogenetic process that is carefully
regulated so as to occur only after the chromosomes have separated
through processes discussed in detail in other articles in this Special
Issue on Chromosome Biology. During cytokinesis, the mother cell's
cytoskeletal network is remodeled as the nuclear and cytoplasmic
contents are (typically) evenly distributed into two hemispheres
from which the daughter cells emerge. Understanding the mecha-
nisms of this simple but yet dramatic shape change calls for the
integration of principles from cell biology, mathematics, physics and
engineering.

Cell rounding before cleavage furrow formation

Sometime between entry into mitosis and anaphase, the cell
typically rounds up in preparation for cleavage furrow formation
and contraction (Fig. 1A). In some systems, this morphological
change is accompanied by a reduction in mechanical deformability,
owing to an increase in cortical tension and/or rigidity [1–6]. The
molecular basis for these morphological and mechanical changes is
suggested from studies in multiple systems. In Dictyostelium, the
rounding process occurs coordinately with the redistribution of
several proteins. The actin binding proteins dynacortin and coronin
as well as PH-Crac (which serves as a reporter of PI(3,4,5)P3) move
off of the cortex and membrane, whereas myosin II and PTEN
phosphatase coordinately move onto the cortex and membrane
[7,8]. Consistently, in mammalian cells, RhoA activity rises during
this mitotic rounding phase and is needed to increase the apparent
rigidity of themitotic cells [9]. These changes in protein distributions
correlate with changes in hydrostatic pressure, which are also
thought to help drive the rounding event [10]. Furthermore, in
echinoderm eggs, an increase in myosin II-contractility regulated by
a global increase in myosin II light chain kinase activity has been
observed [6].

The three phases of cleavage furrow ingression

Once the cells have rounded, they then pass through a series of
highly stereotypical shape changes. In Dictyostelium, this shape
evolution can be separated into three distinct phases (Fig. 1A)
[11,12]. The first phase involves the movement of the cell away
from equilibrium as the round mother cell (mitotic Dictyostelium
cells have a ~5-μm radius) elongates into a prolate ellipsoid (with
a ~8 μm diameter and ~12 μm length). During this phase, myosin
II begins to accumulate along the central 25% of the cell. As the
furrow ingresses, myosin II progressively concentrates, reaching a
furrow-to-pole ratio of ~2–2.5. Yet, the peak total myosin amount

corresponds to the point at which the furrow just begins to ingress
further than the daughter cell cortex [13,14]. This point when the
total myosin II peaks marks the transition between Phases 1 and 2.
During Phase 2, another transition occurs in which the furrow
reaches the point where its length and diameter are equivalent;
this point is referred to as the cross-over point (Dx). For wild type
adherent Dictyostelium cells, the transition through the cross-over
is smooth without a dramatic change in the furrow ingression
dynamics. Thereafter, the trajectory is non-linear with a nearly
exponential decaying diameter. Perturbing the mechanical fea-
tures of the dividing cell by any number of mutations (particularly
myosin II, cortexillin I, dynacortin, and racE) changes the furrow
ingression dynamics, in some cases dramatically at the point of
cross-over. Thus, the crossover is a highly significant parameter
for the furrow ingression process and seems to strongly reflect
features of the underlying mechanics. The second phase lasts until
a thin bridge of diameter ~400 nm is formed. Phase 3 is marked by
the bridge-dwelling phase in which the bridge does not thin
appreciably as it awaits scission. In Dictyostelium, this phase is
governed by a different genetic program [15,16], and in mamma-
lian cells, this is the point when the ESCORT (ESCRT) complex
proteins are thought to mediate final bridge separation [17,18].

Amechanical description of the cell during cytokinesis

To achieve a quantitative understanding of the dynamics of
cytokinesis requires a mechanical description of the material
properties of the cell (Figs. 1B,C). To this end, a number of models
have been used, most of which assume that the cellular resistance
to a stress exhibits both elastic and viscous components. Elastic
behavior, which is a common assumption for solids, is one that
obeys Hooke's law, in which the strain (deformation) is propor-
tional to the stress. In contrast, the strain in a viscous material, a
common model for fluids, depends on the rate of applied stress.
Viscoelastic materials show a combination of the two extremes. Of
course, in practice cells demonstrate considerably more compli-
cated behavior which includes non-linear elasticity and strain
stiffening and often with long-time viscous behavior [19–21].

Mechanical models of cells usually assume that the cell consists of
two adjacent compartments in which an outer shell, formed by the
membrane and underlying cortex, is predominantly elastic and
encloses a mostly viscous cytoplasm (Fig. 1C). The membrane/cortex
is characterized by its surface tension, which includes the physical
properties of themembrane and the underlying cortex. If the coupling
between the plasma membrane and cortex is loose then the cellular
surface tension is not a simple addition of the tensions of plasma
membrane and cortex. However, if the membrane and cortex are
tightly coupled then total surface tension is the sum of the in-plane
tension of the plasma membrane and the cortical tension [22].
Mechanical studies of cells treated with inhibitors of actin polymer-
ization indicate that ~90% of the cortical mechanical properties are
governed by the actin network [23–25], indicating that the contribu-
tion of the plasma membrane to the total tension is considerably
lower than that of cortical tension (at least in Dictyostelium).

Cortical tension, Tcortex, is the apparent cell surface tension that
can be attributed to mechanical stresses acting on the surface of the
cell. It consists of two parts: active processes, such asmyosinmotors
pulling on the actin network, and elastic deformations and other
cortical flows. Stresses can act to deform the cell surface in twoways
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and different constants describe these deformations. These are the
bending modulus (B) and stretch modulus (Sc) which are described
as the resistance to deformation normal to the surface, and
viscoelasticity in the plane tangential to the cell surface, respective-
ly. These represent the energy costs needed to deform a cell. Which

of these two features that dominates during a specific cellular
deformation can be determined by the characteristic length (l),
givenby: l=(B/Tcortex)1/2. ForDictyostelium cells, themeasured values
for B and Tcortex are 2×10−3 nN μm and 1 nN μm−1, respectively
[5,11]. Therefore, l≈50 nm, implying that for μm-scale cellular

Fig. 1 – Mechanical properties during different phases of cytokinesis. A. Cell progression through cytokinesis can be characterized
by a number of distinct morphological changes that correspond to different mechanical phases. After rounding, Phase 1 describes
the change from a spherical to a cylindrical cell. Phase 2 is characterized by furrow ingression. Phase 3 is characterized by the thin
bridge connecting the daughter cells. B. During cytokinesis, proteins such as myosin II and cortexillin localize to the cleavage
furrow, while others are found globally or more concentrated at the poles. These localizations give rise to spatially dependent
mechanical properties. Also shown are the different stresses (radial, σrr, and compressive, σzz) acting during cytokinesis as well as
the spatially dependent cortical tensions (Tf and Td at the furrow and daughter cells, respectively) which, when coupled to the local
curvatures (arising from radii Rf and Rd) give rise to local Laplace-like pressures that help drive cytokinesis. C. A viscoelastic model
of the cell encompasses a mostly viscous cytoplasm and a cortex that, though primarily elastic, also includes a viscous component
[20]. D. The diagram depicts the Laplace pressure generated at the curved interface between fluid surfaces.
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deformations (e.g., the width of a cleavage furrow) it is reasonable to
consider that the energy cost from stretch will dominate.

The stretch modulus is caused by cortical actin filaments and
crosslinkers, and is a strong predictor of amount ofmyosin II recruited
to the cleavage furrowcortex [14,23]. The stretchmodulus contributes
to the cortical tension according to Tcortex=γ0+SC (A−A0)/A0, where,
γ0 is the constant tension, A is the surface area and A0 is the
equilibrium surface area of the cortex [26,27]. Other related
formulations have also been proposed where the cortical tension
depends on the elasticity and thickness of the cortex. In this case,
Tcortex=ζΔμh+Eh (A−A0)/A0, where ζΔμ is the active stress exerted
on the cortical network, ζ is a coefficient relating the energy provided
byATPhydrolysis,Δμ is the active stress, E is the elasticmodulus, andh
is the thickness of the cortex [22,25].

During cytokinesis, cortical tension initially resists the deformation
of the mother cell [12]. However, late in cytokinesis, cortical tension
assists the furrow region to squeeze cytoplasm from the bridge into
the twodaughter cells. This is due to Laplace-like pressures, generated
at the interface between fluid surfaces (Fig. 1D), acting on the cell [12].
Its magnitude is given by P=κTcortex, where κ is the curvature of the
interface. For a sphere with radius R, the curvature is given by 2/R; for
a cylinder, 1/R.

Active stresses acting during cytokinesis

Active stresses are generated by motor proteins and polymer
assembly. Polymer assembly generates stress because of the force
generated at the tip upon addition of polymer sub-units [22,28,29].
The force provided by thismechanism equals f=(kBT/δ)ln(k+cA/k−),
where cA is the free monomer concentration, k+ and k− are the
kinetics of binding and release, respectively, and δ is the unit length
increase due to the incorporation of a new sub-unit. During
Dictyostelium cytokinesis, bulk actin polymerization occurs primarily
at the poles. The actin nucleating factor Arp2/3 and its activators are
found at the poles [30], suggesting that new actin assembly at the
poles may contribute to propagation of stresses throughout the
elastic cytoskeletal network [31].

The active stress (σ), generated by motors such as myosin II, is
described by σ=nF×(duty ratio)/SA, where n is the number of heads
in bipolar thick filament form, F is the force production per myosin II
head, duty ratio is the fraction ofmyosin heads in the force-generating
state as compared to the total number of available heads, and SA is the
surface area of the cortex. Based on measurements on dividing
Dictyostelium cells [12,14], the total quantity of myosin II (~100,000
hexamers), the force/head (4 pN), unloaded (no resistive force) duty
ratio (0.6%), and the surface area of the cleavage furrow (75 μm2), the
predicted myosin II-generated radial stresses are estimated to be
approximately 0.05 nN/μm2 with a total force on the order of 4 nN.
Other myosins, such as myosin I, also contribute to cortical tension
[32] and at least one of these is localized to the polar cortex [33].
However, the roles of unconventional myosins in cytokinesis
mechanics are not yet well studied.

Models for cleavage furrow ingression

The cleavage furrow cortex generates stresses [34,35]. Therefore,
to understand the mechanics behind this stress generation and to

build a model for cytokinesis it is necessary to characterize these
stresses quantitatively. In 1972, Yoneda and Dan proposed one of
the earliest models that used stresses and geometry to estimate the
force required during furrow ingression [36]. The model uses two
independent variables: the furrow radius and related geometry as
well as the cortical tension to compute theminimum force required to
stabilize intermediate shapes as the cell progresses through the
different phases of cleavage furrow ingression. For Dictyostelium, this
model predicts that a minimum force of 7 nN is required and this
value closely matches the force that the experimentally measured
accumulation of myosin II can provide [14].

A more recent model [37], in which the force at the contractile
ring depends on the length of the bipolar thick filament, the length
of the actin polymer and the circumference of the ring, estimates
20–30 fold lower forces than suggested by the Yoneda and Dan
relationship and the measured myosin II amounts [14,36].
However, the authors point out that the effective length of the
actin polymer could be much longer through crosslinking, and the
linking of the actin filaments does indeed increase the theoretical
stress generated by the system [37,38]. Indeed, the measured
cellular concentrations of actin crosslinkers, the actin polymer
density, and the measured stresses are consistent with a highly
interconnected contractile network operating at the cleavage
furrow cortex [5,12,39].

Zumdieck and co-workers developed amodel for contractile ring
constriction, which not only includes the contractile stresses, but
also accounts for the effects of actin polymer turnover [36]. In this
model, filament polymerization and depolymerization generate
stresses when end-tracking cross-linkers are present. The latter
suggests a possible explanation for cleavage furrow ingression in the
absence of myosin II. Long-lived actin crosslinkers should increase
the effective force by allowing forces to be transmitted through the
network, whereas short-lived crosslinkers contribute an effective
viscosity by slowing the contriction rate [5].

Because cytokinesis involves the deformation of the complete cell,
furrow ingression is not just the result of contractility at the cell's
equator. Therefore, the mechanics and dynamics of the entire cortex
and cytoplasm must also be considered to account quantitatively for
cytokinesis cell shape change. The cylinder-thinning model is one
such analytical model that aims to incorporate all of these cellular
domains to explain the dynamics of furrow ingression [12]. It
incorporates cytoskeletal mechanics, cortical tension, Laplace pres-
sure, viscoelasticity and viscosity. The model assumes that the
outward flow of the cytoplasmic fluid is driven by Laplace-like
pressures derived from the cortical tension of the furrow region, Tf,
according to ΔPf=Tf/Rf, and radial stresses (σrr) from myosin II
(Fig. 1B). This force is resisted by compressive stresses along the
cylinder's long axis (σzz) that act at the end of the bridge. These
compressive stresses also arise from Laplace-like pressure from the
daughter cell cortices (ΔPd=2Td/Rd), and from the polar/global
cortical contractions. The viscoelastic resistance of the cytoplasm
further acts to dampen the flow of cytoplasm. The viscosity is non-
linear being dependent on the relevant time-scale, length-scale and
applied force to the cytoskeletal material. Based on dimensional
analysis, the velocity (v) of bridge recoil is given by the ratio of tension
at the furrow to the viscosity (μ) such that v=Tf/3μ. For wild type
Dictyostelium cells, an effective viscosity of ~0.35 nNs/μm2 is calculat-
ed from the measured cortical tension of 1 nN/μm and recoil velocity
of 1 μm/s. This compareswith the largest force-dependent viscosity of
0.35 nNs/μm2 measured for cells using magnetic rheometry [40]. This
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model can account for the furrow ingression dynamics of wild type
cells aswell as several geneticallymodified cells (e.g. myosin II (myosin
II heavy chain, mhcA) null, racE null and dynacortin RNAi hairpin cells)
observed experimentally.

Paluch and colleagues [41] built upon the framework of Yoneda
and Dan and the cylinder thinning model to develop a model of
cytokinesis in mammalian cells. The main contribution of the
proposed “soap bubble” model is that size differences between the
poles result in pressure differences, creating a positive feedback,
which accounts for their experimental observations of cell oscillations
and instability in the shape of a dividing cell.

Recently, we also extended the cylinder-thinning model by
carrying out a computational study of furrow ingression dynamics
in which the cell shape changes were simulated using level set
methodology [20,42]. This model utilizes only measured param-
eters and accounts for a range of cell division events: for example,
adherent vs. non adherent cells or cells with or without myosin II
contractile forces. The simulations demonstrate that traction-
mediated protrusive forces or contractile forces due to myosin II
are sufficient to initiate furrow ingression. However, the passive
forces due to the cell's cortical tension and surface curvature are
the primary drivers that allow the furrow to complete ingression.
The principle role for cortical tension in driving furrow ingression has
been further highlighted in a recent study of mammalian cytokinesis
where a mutant nonmuscle myosin IIB, which is incapable of driving
actin translocation, was able to support cytokinesis in cell culture cells
and in cardiac myocytes of developing mouse hearts [43].

One further aspect of cytokinesis mechanics recently explored
using models is the cell size-dependent scalability of actomyosin
ring constriction. In Caenorhabditis elegans embryos, the rate of
cytokinesis constriction depends on cell size, i.e. a cell with two
times a diameter constricted at twice the rate implying that the
rate of constriction is scalable with cell size [44]. This observation
was extended to Neurospora crassa filamentous fungal cells [45],
suggesting that scalability may be a property conserved among
different cell types. In N. crassa cells, initial myosin II concentration

correlates with cell size, but then this level remains constant during
ring constriction. In contrast, in the C. elegans embryo, the myosin II
density appears to be independent of cell size, butmore totalmyosin
II accumulates, due to the larger circumference. In both cases, it is
proposed that the increased contraction rates are due to the greater
amounts of myosin motors associated with the rings. However, to
explain fully the scalability, other implications of cell size must also
be accounted for, such as the dependency of surface curvature on
radius and the correlation of daughter cell radius on the initial
mother cell radius, all of which may affect furrow ingression
dynamics.

Mechanosensing and mechanical feedback during
cytokinesis

Because of the importance of achieving cell division successfully
and because cytokinesis is primarily a mechanical phenomenon,
we hypothesized that feedback mechanisms could play a role in
minimizing the effect of mechanical disturbances by regulating
the contractile apparatus and providing shape control. Using
micropipette aspiration, we applied stresses to the surface of cells
that are similar in magnitude (0.1–1.0 nN/μm2) to those that
dividing cells generate at the cleavage furrow cortex [46]. These
stresses induced myosin II and the actin crosslinking protein
cortexillin I (two cleavage furrow proteins) to accumulate in a
coordinated fashion at the micropipette (Fig. 2). Further experi-
ments demonstrated that this mechanosensation depended on the
force amplification by the myosin II lever arm and the myosin II
bipolar thick filament assembly and disassembly dynamics [13].

To explain the mechanosensory step, we developed a dynam-
ical model of BTF assembly–disassembly dynamics [13]. Kinetic
simulations based on this model showed that a crucial step
allowing for accumulation of myosin II at the site of a mechan-
osensory feedback response is the first step of the BTF assembly
pathway: the conversion of assembly incompetent monomers to

Fig. 2 – A mechanosensitive system regulates cytokinesis. A. During cytokinesis, signals believed to come from the spindle direct
cortical proteins such as a myosin II or cortexillin to the future site of the cleavage furrow. B. External stresses, such as those
imposed by a micropipette aspirator can cause changes in morphology. C. Stresses in the actin can give rise to cooperative
recruitment of myosin II/cortexillin to the site of stress [13,48]. D. Recruited myosin II works against the external stress enabling
the cell to exit the micropipette (E) at which point normal division can proceed (F).
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assembly competent monomers [13]. The BTF assembly properties
unveiled by the model suggests several possible mechanosensitive
assembly mechanisms. First, a myosin heavy chain phosphatase
could be activated or a myosin heavy chain kinase (MHCK) might
be locally inactivated. Either of these processes could shift the
local ratio of assembly-competent to incompetent monomers. The
inactivation of a myosin heavy chain kinase seems unlikely since
one isoform, MHCKC, which tracks its myosin II heavy chain
substrate, accumulates in response to mechanical stress [47,48].
Further, any model that explains the mechanosensitive accumu-
lation must account for the lever-arm length dependency [13].
Therefore, we proposed another possible mechanism [48] in which
myosin motor domains in local mini-BTFs are stabilized in the
transition state by mechanical stress, additional unassembledmyosin
monomers may bind the actin filament through cooperative in-
teractions between motor domains along the filament. Once these
motors are localized along a filament, the monomers may then
directly incorporate into the BTF. We developed a multi-scale model
that incorporates known biochemical activities, including cooperative
myosin–actin binding, thick filament assembly dynamics, and in vivo
concentrations and stresses to account for mechanosensitive myosin
II accumulation [48]. This model accounts for the sigmoidal binding
curves and two-dimensional cluster formation observed in biochem-
ical assays. Moreover, the model could account for possible hetero-
cooperativity between myosin II and cortexillin I. Most significantly,
by incorporating the kinetics of myosin BTF assembly, the model
could account for the three-dimensional pattern of the cooperative
accumulation of myosin observed experimentally during MPA.

Concluding remarks

Cytokinesis proceeds as a result of an integrated control system
characterized bymechanical–biochemical feedback loops [39]. There-
fore, a quantitative study of the mechanics of this control system
provides a thorough knowledge on how cells undergo stable cell
shape changes and thereby complete error-free cytokinesis in a wide
variety of mechanical environments such as tissues and/or organs.
Furthermore, cytokinesis research also sheds light on cancer cell
biology, as many cancer genes encode proteins that play significant
roles in cytokinesis. Ultimately, understanding how these proteins
contribute to the mechanics and regulation of cytokinesis may aid in
the development of novel therapeutic strategies for cancer treatment.
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