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The Actomyosin Cortex of Cells: A Thin Film
of Active Matter

K. Vijay Kumar

Abstract | The actomyosin cortex is a thin film, containing actin filaments
and myosin molecular motors, located beneath the plasma-membrane of
eukaryotic cells. Active processes, driven by ATP hydrolysis, can gener-
ate mechanical forces in the cortex. Coordinated force-generation drives
large-scale mechanical flows and orientation patterns. These flows can
pattern proteins coupled to the cortex leading to the emergence of
active mechanochemical patterns. In this review, we discuss physical
approaches to understand force-generation and the concomitant pat-
terns observed in the actomyosin cortex. We briefly outline the hydro-
dynamic theory of active gels as applicable to the cortex and discuss
its consequences. We speculate on the role of the actomyosin cortex in
sculpting large-scale tissues and end with an outlook for open problems.
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1 Introduction
The eukaryotic cytoskeleton is a self-organ-
ized structure consisting of polymeric fila-
ments, molecular motors, cross-linkers and
other assorted proteins that together provides
a mechanical framework for the cell. A remark-
able property of the cytoskeleton is the ability of
molecular motors to transduce energy released
in chemical reactions, such as the hydrolysis of
adenosine triphosphate (ATP), into mechanical
force. This is the primary mechanism of force
generation in cells and tissues in a very wide
range of living systems'™. The mechanical forces
thus generated are implicated in various cellu-
lar processes such as cargo transport, chromo-
some segregation, cytokinesis, cellular shape, cell
motility, and are also involved in moulding tis-
sues at a larger scale*™®. Tremendous progress in
the past few decades has opened novel vistas into
the cytoskeleton as a master regulator of mecha-
nochemical processes at various spatial and tem-
poral scales. In particular, highly interdisciplinary
research approaches are beginning to uncover the
fundamental physical principles that underlie the
emergence of complex patterns in the cytoskel-
eton and in the various signaling proteins that the
cytoskeleton regulates.

Typically, the polymeric filaments of the
cytoskeleton are classified into three major
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components: microtubules, actin filaments
and intermediate filaments. However, this clas-
sification does not imply any functional inde-
pendence as the different components strongly
interact with each other’. Microtubules, with
their large persistence lengths, are primar-
ily used to construct the various rigid struc-
tures of the cell, such as tracks for intracellular
cargo transport and the mitotic spindle. The
more malleable nature of the actin cytoskeleton
makes it more amenable to be used for those
cellular processes that require substantial defor-
mations, such as the formation of the cytoki-
netic ring and cell motility. On the other hand,
intermediate filaments act as stress absorbers in
the cell'’. We have significant understanding of
the physics of microtubule and actin cytoskel-
etons, while much needs to be learnt about the
physical properties of intermediate filaments''.
It is interesting to note that there are
homologs of the eukaryotic cytoskeletal fila-
ments in prokaryotes as well, although there
are no known molecular motors'>"’. Compared
to prokaryotes, the eukaryotic cytoskeleton is
a rather complex mixture of many interacting
components. However, this menagerie evolved
much before the last eukaryotic common ances-
tor, and thus the cytoskeletal proteins are widely
conserved. Incidentally, this also suggests that a
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physical understanding of the cytoskeleton in
one system can have far reaching consequences
in shedding light on processes found in diverse
systems.

In this review, we discuss the physics of the
actomyosin cytoskeleton. In particular, we will
focus on the actomyosin cortex which is a thin
film of actin filaments and associated proteins
found just beneath the plasma membrane of
eukaryotic cells. In Sect. 2, we outline various
approaches to understand force generation in
the cortex. Next, in Sect. 3, we discuss coarse-
grained active hydrodynamical theories of
the cortex. We then turn, in Sect. 4, to discuss
several cellular processes, such as cell division,
polarity and motility, that are largely driven by
the active processes in the actomyosin cortex.
We also address in vitro reconstitution studies
of the actomyosin cortex in this section. Col-
lections of cells, either in epithelial tissues or in
spreading monolayers, are discussed in Sect. 5
with an emphasis on the role of the actomyosin
cortex in regulating their dynamics. This section
concludes with ideas on the geometrodynam-
ics of active materials, i.e., studies in which the
mechanical stresses generated in active mate-
rials can be used to mould their shapes, with
potential implications for the morphology of
cells and tissues. Finally, in Sect. 6, we speculate
on the broad open problems in this fertile area
that will require a strong cross-talk between dif-
ferent disciplines. It should be noted that this is
not an exhaustive review of the properties of the
actomyosin cortex of animal cells. Rather, our
approach is to discuss the physics underlying
the cortex as a thin film of active matter con-
taining contractile stresses, orientable filaments,
and the resulting mechanical deformations and
flows that generate mechanochemical patterns
and shape changes in cells, and at larger scales,
in entire tissues.

2 Force-Generation in the Actomyosin
Cortex

The cellular cortex is a polymeric meshwork
of cross-linked actin filaments lying below the
plasma membrane. The primary nucleators
of actin filaments are the Arp2/3 complex and
formins. Interspersed in this meshwork are also
molecular motors and cross-linking proteins
along with those that can severe, cap and sta-
bilize actin filaments. It is interesting to note
that the cortex has long been observed as a thin
layer involved in the locomotion of cells', but
its molecular components and their control on
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cellular mechanics has only been recognized
much later'>"7. For some recent reviews on the
actomyosin cortex, see!826,

Classical studies revealed a branched and
cross-linked gel of actin filaments in the lamel-
lipodial protrusions of crawling cells?”?®. This
is understood to be a consequence of actin
polymerization at the leading edge of the cell
coupled with Arp2/3 mediated branching. Actin
filaments also form bundles and extrude the cell
surface in the form of filopodial protrusions. In
fact, atomic force microscopy analysis reveals
that the cortex contains both bundle-like and
mesh-like structures, that are regulated by the
cell’. In non-extruding regions of the cell sur-
face, the actomyosin cortex has a thickness of a
few hundred nanometers as revealed by sub-res-
olution fluorescence imaging’. The actin cortex
is, however, not a static structure. Actin fila-
ments undergo polymerization and de-polym-
erization, while cross-linkers and molecular
motors continuously bind/unbind to the fila-
ments. Several of these stochastic reactions are
driven by ATP hydrolysis. As such, this exter-
nal energy input breaks the detailed balance
between reaction rates and the associated ener-
gies of the reactants and products, that would
otherwise exist in an equilibrium system. This
nonequilibrium remodeling of the cortex makes
it a very dynamical structure. In living cells,
actin filaments disassemble on timescales of
~ 30 5!, It should be noted that this timescale is
not necessarily the timescale on which mechan-
ical stresses relax. The highly cross-linked and
dynamical structure of the actomyosin cortex
makes it behave like a viscoelastic gel (a material
that resists deformations like an elastic solid at
short timescales, and flows like a viscous fluid at
long timescales) . Indeed, laser ablation experi-
ments, coupled with modeling the cortex as a
linear viscoelastic material, uncover a Maxwell
mechanical stress relaxation time 7y ~ 5 s°2. For
processes occurring on timescales much longer
than the remodeling timescale, the actomyo-
sin cortex can effectively be treated as a com-
plex viscous fluid. A cross-linked and dynamic
meshwork of polymeric filaments responds to
mechanical perturbations like a viscoelastic gel
by developing internal stresses. However, the
distinctive character of the actin cortex is its
ability to generate active stresses in addition to
the stresses present in a passive viscoelastic gel.
The primary source of these active stresses is the
ATP consuming activity of myosin motors that
can generate mechanical forces.
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Actin filaments are polar objects with a dis-
tinct fore-aft structural asymmetry. Upon bind-
ing to actin, mini-filaments of myosin motors
can undergo ATP hydrolysis driven conforma-
tion changes leading to unidirectional transloca-
tion of these motors along the actin filament">*.
Sustaining this directed movement necessarily
requires a polar track (the actin filament) and an
energy flux (ATP hydrolysis). If the translocating
myosin motor is cross-linked to a neighboring
actin filament, it can tug along the nearby fila-
ment and thus exert a force. A pair of antiparal-
lel actin filaments could thus slide past each other
driven by the activity of myosin motors and ATP.
Such an organized configuration of actin fila-
ments is seen in sarcomeric structures of muscle
cells*. In fact, our understanding of mechano-
chemical force transduction by molecular motors
was driven to a large extent by studies of muscle
contraction.

If a configuration of antiparallel actin fila-
ments leads to contractile forces by motor activ-
ity, the opposite configuration (with reversed
actin polarities) should lead to extensile forces. As
such, the description of contractile forces in actin
filaments discussed above only works in the case
of sarcomere-like structures. However, the corti-
cal actomyosin meshwork is not a highly organ-
ized structure like the sarcomere, and hence one
would expect that the randomized configurations
of antiparallel actin filaments in an unstructured
gel should lead to neither contractile forces nor
extensile forces. Yet, it is well known that the
actomyosin cortex shows, on the average, con-
tractile behavior. Why then are actomyosin gels
contractile? Recent work in the past decade has
uncovered that the nonlinear elasticity of actin
filaments plays an important role in this context.
Semi-flexible actin filaments buckle under con-
tractile forces, and this breaks the apparent sym-
metry between contractile and extensile forces in
an otherwise disorganized meshwork®’, It is
also possible that a polymeric meshwork consist-
ing of semi-flexible filaments can contract even
in the absence of molecular motors, provided
the kinetics of polymerization—depolymerization
and the binding—unbinding of cross-linkers does
not obey detailed balance?. It important to note
that the network architecture and, concomitantly,
the tension in the cortex is strongly regulated by
the kinetics of both actin filaments and myo-
sin motors®™*!, In fact, depending on the con-
nectivity and local architecture, cortical network
contraction could be dominated either by sarco-
meric-like mechanisms or by buckling®’.
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3 Physical Models of the Cortex

How do we construct physical models for the
actomyosin cortex? In principle, one could start
by microscopic descriptions using, for instance,
all atom molecular dynamics simulations of all
the proteins that comprise the cortex. It soon
becomes evident that this is too difficult and,
perhaps, not really needed inasmuch as we seek
to understand the properties and functions of
the cortex at the cellular level and above. A mes-
oscopic approach is to develop models wherein
the filaments are modeled as rigid or semi-flex-
ible rods with interspersed molecular motors
and cross-linking proteins being modeled, for
instance, as simple interconnecting springs.
Analytical results are hard to obtain even at this
level, but stochastic simulations can provide key
insight on the kinetics of various processes such
as the onset of contractility and network archi-
tecture®™, A general conclusion that arises
from mesoscopic simulation studies of the cor-
tex is that very similar large-scale behavior can
result from tuning many microscopic param-
eters. As such, coarse-grained approaches that
can capture the essential large scale features of
actomyosin networks are desirable. A successful
approach developed in the past two decades is
to describe the actin cortex as a thin film of an
active gel and develop hydrodynamic descrip-
tions akin to those developed in soft-condensed
matter physics®’. We next elaborate on this
coarse-grained approach and briefly summa-
rize the mathematical equations governing the
spatiotemporal evolution of the hydrodynamic
fields in an active gel description of the cor-
tex. A recent survey of several non-equilibrium
physics approaches to biological problems and,
in particular, to the cytoskeleton can be found
in Ref.”!.

Hydrodynamics is an extension of the ther-
modynamic description of a macroscopic sys-
tem to include spatiotemporal fields that vary
slowly compared to the microscopic scales.
The hydrodynamic fields are typically the den-
sities of conserved quantities (such as mass
and momentum) and the densities of broken-
symmetry variables (such as polar or nematic
orientation fields). In a systematic derivation
of the hydrodynamic equations, we first iden-
tify the generalized forces and fluxes that lead
to the production of thermodynamic entropy.
Appealing to Onsager’s relations in the vicinity
of thermodynamic equilibrium, we then expand
the generalized-fluxes as a linear combination
of the generalized forces®”. These expansions
represent the material constitutive relations
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involving kinetic coefficients (such as the vis-
cosities) and contain all possible terms allowed
by the symmetries of the system. The require-
ment of time-reversal symmetry, as in the case
of a system governed by equilibrium dynamics,
restricts some of the possible couplings. How-
ever, for a system driven out of equilibrium,
such as, for example, the cellular cytoskeleton
driven by motor activity, no such requirement
of time-reversal symmetry is imposed on the
equations of motion, and in this case, novel
active couplings are permitted®’. For instance,
couplings between chemical reaction rates and
local orientational order are allowed in the
expression for the mechanical stresses. These
stresses are the coarse-grained representations
of the active mechanochemical forces generated
during ATP driven motor-filament activity.

The hydrodynamic theory of soft active
materials is a very vibrant area of research.
See”®2 for recent reviews. The theories devel-
oped for three-dimensional active gels can be
adapted to describe the actomyosin cortex.
Specifically, we integrate the hydrodynami-
cal equations over the thickness of the cortex
to get effective two-dimensional equations. It
should be noted that these equations provide a
coarse-grained, but very generic, description of
the cortex and are applicable on length-scales
large compared to the typical size of actin fila-
ments and on time-scales long compared to
the timescales of the stochastic chemical kinet-
ics associated with the turnover of the cortical
components. We next discuss, in brief, a simpli-
fied version of the hydrodynamical equations
applicable to the cortex.

We consider the cortex as a two-dimensional
layer of constant thickness with uniform den-
sity of actin filaments oriented, on average, in
a direction perpendicular to the plane of the
cortex, as shown in Fig. 1. The in-plane orien-
tation of these filaments is described by a polar
order parameter p and a nematic order param-
eter Q (a symmetric traceless tensor second-
rank tensor). Interspersed in this thin-film are
N chemical components (myosin motors, polar-
ity proteins, cross-linkers, other embedded pro-
teins, etc), and the number density #; of the ith
chemical component satisfies

ong =—V-(m;v) + DiVZni + R;, (1)

wherein D; is the coefficient of diffusion and R;
represents all the chemical reactions that can
affect species i. The velocity field v is a solution
of the hydrodynamic equation governing the
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conservation of linear momentum. Typical flows
at the cellular and tissue levels are such that iner-
tial effects are negligible. As such, the equation for
the velocity field takes on the form of a force-bal-
ance equation:

V.0 = —Fext, (2)

where o is the (second-rank) mechanical stress
tensor, and Fey represents all the external forces
acting on the cortex and can include, for instance,
the traction forces arising from the cytoplasm
or the membrane. A frictional approximation
Fext = —a v, with a friction coefficient «, is often
employed as a simple model for these external
forces.

On time-scales long compared to the viscoe-
lastic relaxation time, the cortex can be modeled
as a viscous fluid. In this limit, the constitutive
equation is

0 =01L1+0,+ 0y, (3)

where o, is the hydrodynamic stress arising from
fluid flow, o, is the (passive) stress arising from
the orientation fields, and o, represents active
stresses. In the approximation of a Newtonian
fluid, the hydrodynamic stress is linearly related
to velocity gradients. Defining the shear-rate
tensor 2¢ = Vv + [Vv]? and the vorticity ten-
sor 2w = Vv — [Vv]T, where Tr(...) and [...]7
denote the trace and transpose operations respec-
tively, the hydrodynamic stress is

on=2n€+ (np —1n) Tr(e) I, (4)

with 7 and 7, being the effective shear and bulk
viscosities of the cortex, and I the identity ten-
sor in two-dimensions. On the other hand, for
short time-scales, compared to the time-scale for
the relaxation of elastic stresses, an appropriate
description for the cortex is that of a viscoelastic
fluid with a Maxwell relaxation time 7. In this
case, the mechanical stress satisfies

D
l+tv— |(0 —0o—0,) =0,
( MDt> ( o a) h (5)
where the co-moving co-rotating derivatives

% for a vector field p and a tensor field Q are
defined as

D _ v vpt 6
—_ = . - y

Dt tp+Vv-Vp p (6)
DQ
EzatQ+V'VQ+(I)IQ+Q:(z). (7)
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Figure 1: The actomyosin cortex is quasi two-dimensional polymeric meshwork of actin filaments located
under the plasma membrane, and interspersed in this cortical meshwork are myosin motors, cross-linkers
and membrane-bound proteins. Actin filaments are oriented, on the average, in a direction normal to the
local plane of the cortex. The in-plane components of the actin filaments can be described by a polar-

ity field p. Averaging over the thickness of the cortex, an effective two-dimensional active hydrodynamic
theory for the in-plane components of the actin filaments can be developed. Large-scale flows generated
in this two-dimensional layer can generate density and orientation patterns, and also affect the transport
of embedded proteins.

It should be noted that unlike an incompressible
three-dimensional active polar gel, the two-dimen-
sional velocity field v can have regions of nonzero
divergence, and these regions correspond to the
locations where material can leave the plane of

the polarity h = —8F/8p is the functional deriva-
tive of a free-energy such as the Landau-de Gennes
free energy for polar liquid crystals®. The time evo-
lution of the polar order parameter is given by

the cortex into third dimension. The stresses aris- 12 - E —ve-p—7Tr(e) p

ing from orientation fields and active processes D! ¥V

depend on the nature of the local ordering of actin +iop—4(V-p)p

filaments. —APE-V)p—4A3V(p-p) (10)

For a polar active gel, with a polarity order
parameter p, the corresponding stresses are

aozv(p®h+h®p—[p~h]ﬂ) +Vv[p-h]l

where y is a kinetic coefficient. The terms con-
taining the 4; are a result of active processes,
and are not allowed for a system at thermody-
namic equilibrium. An important point to note

(8)  that one cannot have an isotropic active stress

_ 1 in three-dimensions. However, for the thin film
oa=CAnl+¢Ap (P p— 5 (p - p] H) approximation of the cortex that we are consid-
(9) ering here, with actin filaments oriented, on the

where ® represents the outer product, v and v are
alignment parameters, and Ap represents the
chemical potential difference of a mechanochemi-
cal force-generating reaction, for instance the
hydrolysis of ATP. The activity coefficients, ¢ and ¢
are functions of those »; that regulate active force
generation, for instance the number density of
myosin motors. The molecular field conjugate to
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average, in a direction normal to the plane of
the cortex, an in-plane isotropic active stress is
allowed.

If the in-plane components of the actin
filaments do not have a net polarity, but are
nevertheless aligned along an axis, then an
appropriate hydrodynamic description is that of
an active nematic gel, with a second-rank tensor
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Q as the order parameter. The contribution to
the stresses are then

_ OF
go=-P E, (11)
0. =EART+EALQ, (12)

where B is an Onsager coefficient, while & and &
are activity coefficients that can be regulated by
the number densities of molecular motors. The
nematic order parameter evolves according to

DQ 1 8F [ Tr(e) }
= € — Iy,

D - T TP

(13)
where I' is a kinetic coefficient and the term con-
taining Z is a result of active processes.

The hydrodynamic equations discussed above
provide a closed set of equations for the density,
flow and orientation fields of the cortex. For
instance, in the case of an active polar fluid, Egs.
(1)-(4) and (7)—(10) govern the spatiotempo-
ral evolution of the number-density fields n;, the
hydrodynamic velocity field v and the polarity
field p. These equations must be supplemented
with appropriate boundary conditions. In addi-
tion, external non-autonomous signals, arising
from other signaling processes, for instance, can
be included in the reaction terms R; or in the
spatiotemporal regulation of the active stresses.
As remarked earlier, the active stresses are regu-
lated by the number-density fields of molecular
motors. An often used functional form for active-
stress regulation is

SAp = (LA (14)

m
Am + }1*,
where np, is the number-density field of myosin
motors, ( Au)g is a bare active-stress and 7, is a
saturating density. Note that in the hydrodynamic
equations presented above, we have assumed that
there is a constant and perennial supply of ATP
around for the action of motors and filaments
and, as such, have not explicitly considered the
dynamics of these high energy molecules.

In the discussion above, we have implicitly
neglected the chirality of the cortex, and have
only considered symmetric stress tensors. The
cortex, however, is a chiral active material. Actin
filaments are chiral structures and, thus, active
process not only generate forces and but also
generate torques. The most important change to
the above equations, in addition to considering
torque balance, is the inclusion of an antisym-
metric active stress®*, Active chiral processes
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have been observed at the cellular level®”®®, and

even have implications for lineage specification at
the organismal level®. However, the most funda-
mental aspect where active torques are bound to
play a crucial role is in the establishment of the
left—right axes of developing embryos’*’!,

It should be noted that other (higher order)
terms permitted by symmetry are allowed in the
hydrodynamic equations. For instance, the trans-
port equations for the »; can have an additional
flux term proportional to the local polarity p. We
have also not worried about permeation effects
and have assumed a one-component descrip-
tion of the active gel. Elastic effects acquire sig-
nificance when the cortex behaves like an active
elastomer’?, and other effects such as coupling
to the cytoplasmic flows and membrane elastic-
ity can become important in different situations.
The justification for retaining certain terms, or
neglecting others, in the hydrodynamic equations
is dependent on the context and experimentally
measurable quantities.

Many of the kinetic parameters that appear
in the hydrodynamic equations, such as the coef-
ficients of diffusion D;, the viscosities n and np,
and the flow alignment parameters v and vy, are
emergent properties of the active material at this
level of description. The values of the parameters,
though controlled by gene regulation patterns,
cannot be calculated easily from microscopic
pictures. However, their values can be inferred
from experiments designed to measure the rel-
evant hydrodynamic fields*>”*~”°, and, as such, a
consistent description of the cortex can be built
at this coarse-grained level. In other words, these
mesoscopic emergent features should really be
thought of phenotypic parameters that represent
the state of the cortex at this coarse-grained level
and are experimentally accessible.

4 Cellular Processes Driven by the
Actomyosin Cortex

The actomyosin cortex is directly responsible for

driving several cellular processes. We now discuss

a few of these processes and, where possible, also

point out the way in which hydrodynamic models

have been used to understand them.

4.1 Mechanochemical Patterns

The equations of active hydrodynamics outlined
above have many pattern forming instabilities.
These emergent nonequilibrium phases arise
form a subtle interplay between mechanochemi-
cal force-generation, fluid flow and orientational
ordering. Put simply, a homogeneous state of the
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cortex can get de-stabilized when hydrodynamic
flows arising from active stresses can overcome
the effects of homogenizing processes such as
diffusion.

A very simple example of such an active pat-
tern formation process can be illustrated by con-
sidering an isotropic active fluid with a single
chemical regulator of the mechanical stress®’. The
resulting equations, in one dimension, for the
number density of motors ny, and the hydrody-
namic flow v, are

0l = —0x (V1) +D8,%nm — Kk (nm — 1),
(15)
M2y —av = —d,(CAw), (16)

where we have considered a simple linear turno-
ver reaction (with rate x and a reference density
71) along with a frictional approximation for the
external forces on the active fluid. The active
stress ¢ A is regulated by the density of myosin
motors as in Eq. (14). When active contractile
flows overcome the homogenizing effects of dif-
fusion, i.e., when, say, ({Ap)o > D, the state
with uniform density (and zero velocity) is unsta-
ble to small perturbations, and leads to the emer-
gence of periodic patterns in both #y, and v. With
two regulators of the active stress, the above equa-
tions leads to the emergence of spontaneous pul-
satile patterns®' that could underlie the oscillatory
patterns of myosin motors seen in many experi-
ments’>”>. Note that the mechanism of pattern
formation exhibited by these equations are not
the well-understood diffusion-driven instabili-
ties found in classical reaction-diffusion systems
that underlie Turing patterns. Active mechano-
chemical patterns involve mechanical forces in an
essential and inseparable manner. For instance,
without active stresses, Egs. (15) and (16) do not
have any non-trivial patterns. It is important to
emphasize that these active mechanochemical
patterns represent a new class of pattern forming
systems and form the next logical steps in incor-
porating mechanical forces into morphogenetic
patternssz.

With the inclusion of orientational effects,
the active hydrodynamic equations for the acto-
myosin cortex lead to a much richer variety of
patterns such as emergent “quasi-particles” com-
prised of motile defects with very interesting
effective interactions® and fluctuation dominated
phase-ordering mechanisms®. A very important
case is the coupling of cortical flows and polar-
ity patterns to GPI-anchored proteins in the cell
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membrane leading to the emergence of non-triv-
ial functional nanoclusters of these proteins®~*’.
This picture of an active composite cell surface,
wherein the patterning of membrane associated
proteins is largely driven by polar patterns in the
underlying actomyosin cortex, is a prime example
of the possible ways in which active processes can
control cellular patterns.

4.2 Cell Division

Actomyosin cortical flows have long been spec-
ulated to drive cell division and cell polarity
patterns'’. The formation of an actomyosin con-
tractile ring during cell division can be explained
within the framework of an active nematic gel
description®. A myosin gradient generates hydro-
dynamic flows that align the actin filaments into
a ring-like geometry which further undergoes a
contraction to cleave the cell. Such hydrodynamic
flow induced couplings to orientation fields of
actin filaments can be measured experimentally.
In fact, a hydrodynamic theory along the lines of
Eq. (13), can quantitatively account for the spatial
profiles of the nematic order parameter Q in the
zygotes of Caenorhabditis elegans®® using meas-
ured flow compression rates. This highlights the
importance of hydrodynamic flows in organizing
cell division patterns.

Simple models of cortical flow patterns,
analogous to Egs. (15) and (16), but on a curved
surface, coupled to the cytoplasm modeled as a
viscous Newtonian fluid can account for both cell
polarity patterns and cell division patterns®. Fur-
thermore, coupling hydrodynamic flows to con-
tracting rings could possibly explain asymmetric
ingression of cytokinetic furrows’'.

Active processes in the cortex not only gener-
ate patterns on the cell surface but also interact
strongly with various cytoplasmic components
in the cell. For instance, the positioning of the
mitotic spindle in a dividing cell is tightly con-
trolled by the interactions of microtubules with
the actomyosin cortex’>*2. Simple models of such
microtubule-cortex interactions lead to an expla-
nation of the observed oscillations in the mitotic
spindle”. Recent work shows that the chirality of
the cortex can control the spindle skew and cell
reorientation during lineage specification®.

It is interesting to note that several of the
major unanswered questions about cytokinesis
involve the actomyosin cortex’*® and possible
answers to these questions will probably arise
from a system level, i.e., coarse-grained, descrip-
tion rather than detailed molecular studies”.
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4.3 Cell Polarity
It has long been observed that mechanical flows
in the actomyosin cortex are strongly connected
to the establishment of cell polarity in the C. ele-
gans zygote’ . A pioneering work quantitatively
measured these flows, showed that they are driven
by gradients in actomyosin contractility, and
that an active hydrodynamic theory of the cor-
tex, akin to Eq. (16), can quantitatively account
for these flows given a myosin profile’*. How do
these hydrodynamic flows drive the establishment
of a polarity pattern? Transport equations for the
surface densities of polarity proteins, using the
experimentally measured hydrodynamic flows,
qualitatively accounted for the polarity patterns”™.
How do we develop a physical and consistent
description of cell polarity patterns that couple to
the active mechanics of the cortex? Polarization
of the C. elegans zygote is achieved through the
asymmetric distribution of partitioning defective
(PAR) proteins on the cellular surface. In this pat-
terning process, the segregation of anterior and
posterior PAR complexes, with mutually antago-
nistic interactions amongst each other, to either
side of the embryo also establishes the anteropos-
terior axes of the embryo. The evolution equa-
tions for the surface densities of the anterior PAR
complex #,, the posterior PAR complex #, and
that of the non-muscle myosin motors npy, satisty

den; = —dx(vm;) + Did2n;
+ R;(ng, np, nm) + Si(x, 1),

(17)
for i € {a,p,m} and where x represents the posi-
tion coordinate along the anteroposterior axis in
a one-dimensional description of the system'®.
The hydrodynamic flow v is obtained from Eq.
(16). These equations, with appropriate chemi-
cal reactions R;, allow for the stable co-existence
of both uniform and domain states in certain
regions of the parameter phase-space, with a
finite sized perturbation required for transition-
ing from one state to the other. The polarity pro-
cess, then, is one of starting from a uniform state
and transitioning into a domain state to establish
a polar pattern of PAR proteins on the cell sur-
face. This transition is triggered by the external
source terms S;(x, t) whose origin, and spatiotem-
poral profiles, are governed by certain upstream
developmental signals. The recent work'® stud-
ied this system in detail, with a careful measure-
ment of surface concentrations and flow fields,
and showed a quantitative match between the
experimental profiles of #;(x,¢) and v(x, f), and
the theoretical predictions of Egs. (16) and (17).

@ Springer a

An important conceptual point exemplified
by the theory and experiments in'® is that of
guided self-organization. The cell polarity sys-
tem described by Egs. (16) and (17) leads to a
self-organized system that has both uniform and
polarized states stably coexisting in the same
region of parameter space. Hence, this system
behaves as a switchable module with stable spa-
tial patterns (uniform and polarized) as the two
states. The “guides” represented by the source
terms S;(x,t) toggle the state of this switch in a
spatiotemporally controlled manner. One of the
sources locally reduces actomyosin contractility
at the future posterior pole of the embryo, and
triggers large-scale cortical flows that then push
the system away from the uniform state, and into
the basin-of-attraction of the polarized state,
whereupon the self-organized dynamics of the
system then ensures that a polarity pattern reli-
ably emerges. Thus, this mechanochemical cell
polarity pattern is an example of a self-organized
system guided by signals to transition from one
stable state to another. Hydrodynamical flows
in the actomyosin cortex constitute one of these
guiding signals.

The cortical flows driven by active processes
on the cellular surface can drive cytoplasmic
flows as well'*"1%2, In fact, recent work has shown
the coupling between surface mechanics and
intracellular cytoplasmic flows can also affect the
establishment of the cell polarity patterns dis-
cussed above!®.

4.4 Cell Motility

Early studies of fish keratocytes showed that their
motility is largely governed by lamellipodial pro-
trusions of the membrane driven by actomyosin
networks””?®, The preferential polymerization
of actin filaments at the leading edge of the cell
and the accompanying de-polymerization at the
trailing edge generates a retrograde flow in the
cell. Hydrodynamic theories of active polar gels
have shown that, in such a scenario, contractile
stresses generated at the leading-edge can lead to
a net motility of cells crawling on a substrate'*.
Such contractility-mediated mechanisms can also
lead to cell migration in three-dimensional envi-
ronments'”, such as in the migration of amoe-
boids'® where active gel models have also been
used to account for their motility'?’.

Migration without lamellipodia is also possi-
ble. In many cases, blebs in the actomyosin cor-
tex are implicated for this kind of motility'**!?.
Blebs are localized regions of the membrane that
transiently detach from the actomyosin cortex.
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The membrane protrusion, driven by cytoplasmic
pressure, can then advance the cell surface in the
direction of the bleb. The finite timescale required
for the turnover process of the actomyosin cortex
to “heal” this wound make blebs an excitable phe-
nomenon. Physical models for bleb formation,
their size, shape, and the dynamics of traveling
blebs have shown that this unusual dynamics of
the membrane-cortex coupling is also a possible
route for cell motility''%~12,

4.5 In Vitro Reconstitution of the
Actomyosin Cortex

In the previous sections, we have discussed
important examples of cellular processes driven
by actomyosin activity. In vivo studies, though
physiologically relevant, are hard to control. As
such, several studies have focussed attention to
reconstitute in vitro biomimetic models of the
actomyosin cortex. These include correlation and
response measurements of three-dimensional
cross-linked networks of actin filaments contain-
ing myosin motors and ATP'", systems consist-
ing of purified actin and myosin proteins that
demonstrated the formation of contractile actin
structures''®, and the actin flows observed in
cytoplasmic extracts of Xenopus eggs in cell-sized
‘water-in-oil’ droplets''>'"7. This last system
also displays long-ranged flows in sparsely cross-
linked networks and structural symmetry break-
ing in the case of high cross-linker density arising
from self-organized stress patterns''®,

Gliding motility assays constitute an impor-
tant way to mimic the cortex in the lab. In these
studies, a carpet of myosin motors is fixed on a
substrate on which actin filaments can easily
glide!”!*, Being on a substrate, these systems
lack momentum conservation and hence do not
need force-balance considerations. Nevertheless,
gliding motility assays have uncovered a wealth
of patterns in polar active systems, including
clusters and swirls, coexistence of ordered states
with polar and nematic symmetry, and collective
flocking states of actin filaments.

Developing in vitro systems of the actomyo-
sin cortex along with a realistic coupling to the
plasma membrane is an experimental challenge.
Earlier studies tried to nucleate actin polymeriza-
tion in the inner membranes of liposomes''. An
important development in this direction has been
to reconstitute a lipid bilayer system along with
a thin layer of the actomyosin cortex attached
to it via membrane-associated actin-binding
proteins'?%. Active stresses generated from the
hydrolysis of ATP can lead to the emergence of
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actin bundles and polar asters of actin filaments
depending on the density and the length of actin
filaments, and motor concentration. Membrane
associated proteins are seen to be advected by
cortical flows and self-organize into transient
clusters. This study paves the way for further
exploration of cell surface patterns driven by an
inextricable link between the actomyosin cortex
and the plasma-membrane.

5 Shaping Cells and Tissues Using
Actomyosin Contractility

In multicellular organisms, collections of cells
form tissues and organs. These assemblies show
self-organized patterns and undergo large defor-
mations to sculpt the organism, particularly dur-
ing the developmental phases. Understanding
the emergence of the three dimensional form in
developing embryos is a big challenge in science,
and it has long been speculated that physical and
chemical forces must be intricately involved in
this process'?. It is only in recent decades that
we are beginning to uncover the full extent of the
physical processes involved in building tissues
and organs from cells.

Tissue patterns that involve mechanochemi-
cal forces are mediated, to a large extent, by the
cellular cytoskeleton, and the primary player
is the actomyosin cortex of cells 71?6, At this
larger scale of tissue morphogenesis, entire cells
act as the active force-generating units. Not sur-
prisingly, the hydrodynamic theory of active gels
that we discussed in Sect. 3, which was originally
developed for describing the dynamics of density,
flow and orientation fields in the actin cortex, can
be adapted to describe the dynamics of many tis-
sues, such as epithelial monolayers'?’~'%, The
density fields here are those of cells and tissue
turnover is maintained by a fine-balance between
cell-division and death. Cellular polarity, either
in cell shape or in the asymmetric distribution of
proteins, can play the role of orientation fields.
As such, similar hydrodynamic descriptions, with
appropriate modifications, are applicable to tis-
sues as well. However, the relevant length and
time-scales are expanded leading to, for instance,
a shift in the observed mechanical responses. For
example, elastic effects become much more sig-
nificant as the viscoelastic stress relaxation time-
scales are quite long.

5.1 Tissues: In Vivo and In Silico
Coordinated activity of actomyosin cortices
across many cells can drive large-scale tissue
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morphogenesis. This is possible since the actin
cortices of neighboring cells can get coupled'*’.
The extension of the germband tissue during the
embryogenesis of the fruit-fly Drosophila mela-
nogaster is a well studied example of large scale
tissue morphogenesis driven by actomyosin activ-
ity. The remodeling of epithelial cell junctions
driven by planar polarized actomyosin flows'!,
anisotropic growth of junctions leading to large-
scale tissue deformations'*?, and pulsatile pat-
terns of actomyosin contractility that control
junction lengths in an anisotropic manner'*,
have all been directly linked to mechanical force-
generation mechanisms in actin filaments and
myosin motors.

Another prominent example of a well-studied
system is the wing-blade of D. melanogaster'**.
The wing-blade is shaped by a combination of cell
division, cell rearrangement and cell shape change
events, along with a coupling to the surrounding
extracellular matrix that provides boundary con-
ditions for the deformations. A coarse-grained
theory, that treats cell densities, area, elongation
and structural anisotropies as the hydrodynamic
variables, shows that hydrodynamic flows can
explain the active rheological properties of tissues
in general, and the wing-blade in particular'®.
This theory closely resembles the active nematic
gel equations that we outlined in Sect. 3.

At a larger scale, the contractile nature of the
actomyosin cortex manifests itself in the constric-
tion of supra-cellular structures. For instance,
during zebrafish gastrulation, the enveloping cell
layer spreads over the underlying yolk with the
forces required for this process being provided by
the constriction of an actomyosin ring which also
acts like a flow-friction motor'*®. Supracellular
actin cables, like those observed during the dor-
sal closure of D. melanogaster'”’, can be seen to
arise from pattern forming instabilities in active
gels'*”1%8, Such large-scale emergent structures
have also been reported in the extra-embryonic
epiboly of the insect Tribolium castaneum'*>'*,

A laboratory imitation of epithelial tissues
studies spreading monolayers of cultured cells on
either homogeneous or patterned substrates. The
collective dynamics of these spreading cells have
been very instructive in deciphering cell commu-
nication strategies and to act as model systems
for wound healing'*"'*?, Here too, the motility
of cells is driven by actin protrusions in so-called
“leader-cells” at the edge of the spreading layer.
Theories of mechanochemical patterns in spread-
ing monolayers have uncovered fascinating pat-
terns, coupling cell locations with their size and
the expression levels of certain signaling proteins
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that eventually control mechanical properties
via the actomyosin cortex'*’. Recent studies have
shown that monolayers of cultured epithelial cells
can transition from a two-dimensional geometry
to that of a three-dimensional spheroidal aggre-
gate, and that this is driven by actomyosin con-
tractility and adhesion forces (between cells and
with the substrate). An appropriate hydrody-
namic theory of an active polar gel explains this
behavior in terms of a novel wetting transition
driven by the competition between cell contrac-
tility and traction forces'**.

In addition to the hydrodynamical mod-
els discussed above, epithelial tissues have been
successfully modeled by vertex models. In this
approach, cells are modeled as polygons with an
elastic energy functional that governs their defor-
mations'*>'%®, With A, and P, denoting the area
and perimeter of the ath cell, and /;; denoting the
edge of the bond connecting the vertices 7 and j,
this energy functional is

K, — r
E= Y {;(Aa ~Aa)’ 4 5P
a e cells

+ Z At] ltjr

i,j € bonds (18)

where K, is an area elastic modulus that penal-
izes area fluctuations around the preferred value
Ag, Ty is a perimeter coefficient and A;jis abond-
tension parameter. The area elasticity arises from
conservation of cell volume, while the perimeter
and line-tension terms, represented by the param-
eters I'y and A j; respectively, arise from actomyo-
sin contractility. Minimum energy configurations
can either be arrived at by Monte-Carlo simula-
tions or by a dissipative first-order dynamics
for the vertices ¥; = —9E/dr;. Furthermore, cell
division and topological rearrangements of cell
junctions can easily be incorporated into vertex
models. These approaches have also been general-
ized to three dimensions in recent years and pro-
vide valuable pictures of the three-dimensional
morphology of epithelial sheets'"~'*. Addition
of active polar forces on vertices to mimic motile
cells is also possible within this framework.

5.2 Geometrodynamics of Active Matter

Theoretical models of the actomyosin cortex mod-
eled as an active gel are usually studied on fixed
geometries. However, the stresses and flows that
arise in active surface patterns can naturally drive
geometrical deformations of the underlying mani-
fold. The most fundamental example is, of course,
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cell division. Actomyosin contractility not only
drives the formation of the cytokinetic ring, but
also constricts it and, in the process, changes the
shape of the cell. The changed cell shape will, in
turn, affect the surface patterns. Thus, the coupling
between patterns (in density, flow, orientation,
stress fields) and the underlying shape naturally
leads to a geometrodynamics of active matter. This
brings in a completely new perspective into the
consequences of actomyosin activity. Morphoge-
netic patterns in cells and tissues result from the
tight couplings that exist between gene expression
patterns, mechanical forces generated (primar-
ily) in the cytoskeleton, and the changing geom-
etry. It is thus natural that generic hydrodynamic
descriptions of active matter should incorporate
dynamical geometries into their framework. This,
however, is a challenging task since the mathemati-
cal formalisms required are non-trivial. Neverthe-
less, several recent studies have broached this hard
frontier?® 138150158

The first task in the formulation of a geomet-
rodynamics of active matter is to recast the hydro-
dynamic equations of active gels, for instance Egs.
(1)—(4) and (7)—(10), into a form appropriate for a
curved, but stationary, manifold. For scalar fields,
this is rather straightforward. For vector and ten-
sor fields (such as flows v, polarity p and nematic
order parameters Q), this, however, is a non-trivial
task. The resulting hydrodynamic equations involve
couplings of the tensor fields with the geometrical
descriptors of shape, such as the curvature tensor,
and are not amenable to analytical solutions, except
for shapes with high symmetry (such as a sphere).
Numerical methods are thus inevitable, and recent
studies are uncovering a plethora of new active pat-
terns that can sense and respond to surface geom-
etry. The next step towards a dynamical geometry
would be to formulate the equations of motion for
the metric tensor and the curvature tensor'*®.

The difficulties inherent to active matter theo-
ries with dynamical geometries discussed above
makes one wonder if they are useful to understand
biological patterns. To see that this must be so, one
only has to realize that morphogenetic patterns
seen in developing embryos are not just patterns
of gene expressions, but are also dynamical shape
patterns. Thus, the generation of form will natu-
rally involve geometric patterns'”. To emphasize
this point, consider, as an example, recent studies
on Hydra regeneration'”'%’, The emergence of the
three-dimensional shape of a Hydra is shown to
be tightly correlated with the pattern of topologi-
cal defects in the orientation of actin filaments. As
such, geometry is bound to be a dynamical variable
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and must be included in theories concerned with
developing embryos.

6 Outlook

In this brief review, we began by discussing the
structure and functions of the actomyosin cor-
tex. We next turned to the mechanisms of active
force-generation and the important role played
by nonlinear elasticity in leading to actomyo-
sin contractility. After an overview of various
theoretical approaches to study the cortex, we
presented a simplified summary of the hydrody-
namic equations for an active polar gel. Here, we
highlighted the various active terms that arise in
the equations for density, flow and orientation
fields, and how their strengths can be regulated by
molecular motors. We then discussed mechano-
chemical patterns that are a natural result of the
hydrodynamic theory. Specifically, we discussed
patterns seen during cell division, cell polar-
ity establishment and cell motility as archetypal
examples of these novel mechanochemical pat-
tern forming mechanisms. Next, we discussed the
role of actomyosin contractility in driving large-
scale patterns at the level of entire tissues. The
examples of the germ-band and the wing-blade
in D. melanogaster embryos served to emphasize
the role of active processes in controlling tissue
level patterns. After a brief discussion of vertex
models, we sketched the open-ended and nascent
field of studying the geometrodynamics of active
matter within the hydrodynamical approach.

Are mechanical forces essential to understand
cell and developmental processes? The answer is
definite yes'®'. However, mechanics alone cannot
sculpt cells and tissues into functional organs and
organisms. What is needed is an understanding
of the novel physical principles that direct infor-
mation flow from gene expression patterns, via
cytoskeletal mechanics, into patterning cells and
tissues. How this achieved in living organisms is
far from clear.

As we discussed earlier, the hydrodynamic
method averages over microscopic details of the
stochasticity inherent in chemical reactions and
develops coarse-grained effective descriptions
valid at length and time scales that are large com-
pared to the molecular level. Thus, the hydrody-
namic method is an intermediate “phenotypic
level” description that is amenable to mathemati-
cal modeling and hence has predictive power.
The various examples that we discussed in this
review, both at the cellular and tissue level, where
this approach has been successfully applied, dem-
onstrate both its vast potential and generality.
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Moreover, coupled with careful experimental
measurements of the macroscopic and emergent
properties (like viscosity, friction, active stresses,
flow-alignment parameters), one can build a
coarse-grained and consistent picture at this level,
without recourse to genetic details at every possi-
ble turn. This is supported by the many observed
morphogenetic redundancies in the cortex. The
mesoscopic properties of the actomyosin cortex
are controlled by many genes'®> and this makes a
case for condensed matter like emergent descrip-
tions to be really useful.

The mechanics of the cellular actomyosin cor-
tex, coupled with biochemical signaling, is the
primary interface between gene expression pat-
terns and the emergent morphology of cells and
tissues. We believe that a significant amount of
work is required to uncover the possible phenom-
enon at this fascinating intersection of biochemi-
cal networks, mechanics of force generation and
the geometry of shape in cells and tissues, and
this will occupy researchers for some time.

Publisher’s Note
Springer Nature remains neutral with regard to
jurisdictional claims in published maps and insti-
tutional affiliations.

Acknowledgements

We acknowledge support from the Department
of Atomic Energy, Government of India, under
project number 12-R&D-TFR-5.10-1100, the
Department of Biotechnology, Government of
India for a Ramalingaswami re-entry fellowship,
and the Max Planck Society via a Max-Planck-
Partner-Group at ICTS-TIFR. We thank Aditya
Singh Rajput and Siddharth Jha for discussions

and comments.

Received: 30 November 2020 Accepted: 16 December
2020
Published online: 19 January 2021

References

1. Howard J (2001) Mechanics of motor proteins and
the cytoskeleton. Sinauer Associates, Sunderland,

Massachusetts

2. Boal D (2012) Mechanics of the cell, 2nd edn. Cam-
bridge University Press, Cambridge

3. Kolomeisky AB (2015) Motor proteins and molecular
motors. CRC Press, Boca Raton

4. Shaevitz ], Norrelykke S (2010) The cytoskeleton:

I-beams of the cell. Phys Today 63:60

@ Springer a

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

Fletcher DA, Mullins RD (2010) Cell mechanics and the
cytoskeleton. Nature 463:485

Kraning-Rush CM, Carey SP, Califano JP, Smith BN,
Reinhart-King C (2011) The role of the cytoskeleton in
cellular force generation in 2D and 3D environments.
Phys Biol 8:015009

Huber F, Schnauf8 J, Ronicke S, Rauch P, Miiller K,
Fiitterer C, Kéds J (2013) Emergent complexity of the
cytoskeleton: from single filaments to tissue. Adv Phys
62:1

. Harris AR, Jreij P, Fletcher DA (2018) Mechanotrans-

duction by the actin cytoskeleton: converting mechani-
cal stimuli into biochemical signals. Annu Rev Biophys
47:617

Huber F, Boire A, Lopez MP, Koenderink GH (2015)
Cytoskeletal crosstalk: when three different personali-
ties team up. Curr Opin Cell Biol Cell Archit 32:39
Herrmann H, Bir H, Kreplak L, Strelkov SV, Aebi U
(2007) Intermediate filaments: from cell architecture to
nanomechanics. Nat Rev Mol Cell Biol 8:562

Block J, Schroeder V, Pawelzyk P, Willenbacher N,
Koster S (2015) Physical properties of cytoplasmic
intermediate filaments. Biochimica et Biophysica Acta
(BBA) Mol Cell Res Mechanobiol 1853:3053

Wickstead B, Gull K (2011) The evolution of the
cytoskeleton. J Cell Biol 194:513

Pollard TD, Goldman RD (2018) Overview of the
cytoskeleton from an evolutionary perspective. Cold
Spring Harbor Perspect Biol 10:a030288

Mast SO (1926) Structure, movement, locomotion, and
stimulation in amoeba. ] Morphol 41:347

White ]G, Borisy GG (1983) On the mechanisms of
cytokinesis in animal cells. ] Theor Biol 101:289

. Bray D, Heath J, Moss D (1986) The membrane-associ-

ated ‘Cortex’ of animal cells: its structure and mechani-
cal properties. ] Cell Sci 1986:71

Bray D, White J (1988) Cortical flow in animal cells.
Science 239:883

Levayer R, Lecuit T (2012) Biomechanical regulation of
contractility: spatial control and dynamics. Trends Cell
Biol 22:61

Salbreux G, Charras G, Paluch E (2012) Actin cortex
mechanics and cellular morphogenesis. Trends Cell Biol
22:536

Clark AG, Wartlick O, Salbreux G, Paluch EK (2014)
Stresses at the cell surface during animal cell morpho-
genesis. Curr Biol 24:R484

Chalut KJ, Paluch EK (2016) The actin cortex: a bridge
between cell shape and function. Dev Cell 38:571
Koenderink GH, Paluch EK (2018) Architecture shapes
contractility in actomyosin networks. Curr Opin Cell
Biol 50:79

Chugh P, Paluch EK (2018) The actin cortex at a glance.
J Cell Sci 131:jcs186254

Agarwal P, Zaidel-Bar R (2019) Principles of actomyo-

sin regulation in vivo. Trends Cell Biol 29:150

,,,,,, J. Indian Inst. Sci.l VOL 101:1197-112 January 2021 ljournal.iisc.ernet.in



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

J. Indian Inst. Sci. IVOL 101:1197-112 January 2021 ljournal.iisc.ernet.in

The Actomyosin Cortex of Cells: A Thin Film of Active Matter

Mlukkumbura R, Bland T, Goehring NW (2020) Pat-
terning and polarization of cells by intracellular flows.
Curr Opin Cell Biol 62:123

Kelkar M, Bohec P, Charras G (2020) Mechanics of the
cellular actin cortex: from signalling to shape change.
Curr Opin Cell Biol 66:69

Svitkina TM, Verkhovsky AB, McQuade KM, Borisy GG
(1997) Analysis of the actin-myosin II system in fish
epidermal keratocytes: mechanism of cell body translo-
cation. J Cell Biol 139:397

Verkhovsky AB, Svitkina TM, Borisy GG (1999) Self-
polarization and directional motility of cytoplasm.
Curr Biol 9:11

Eghiaian F, Rigato A, Scheuring S (2015) Structural,
mechanical, and dynamical variability of the actin cor-
tex in living cells. Biophys J 108:1330

Clark AG, Dierkes K, Paluch EK (2013) Monitoring
actin cortex thickness in live cells. Biophys J 105:570
Fritzsche M, Erlenkdmper C, Moeendarbary E, Charras
G, Kruse K (2016) Actin kinetics shapes cortical net-
work structure and mechanics. Sci Adv 2:¢1501337
Saha A, Nishikawa M, Behrndt M, Heisenberg C-P, Jiili-
cher F, Grill SW (2016) Determining physical properties
of the cell cortex. Biophys J 110:1421

Jillicher F, Ajdari A, Prost J (1997) Modeling molecular
motors. Rev Mod Phys 69:1269

Sweeney HL, Hammers DW (2018) Muscle contraction.
Cold Spring Harb Perspect Biol 10:a023200

Murrell MP, Gardel ML (2012) F-actin buckling coor-
dinates contractility and severing in a biomimetic acto-
myosin cortex. Proc Natl Acad Sci 109:20820

Lenz M, Gardel ML, Dinner AR (2012a) Requirements
for contractility in disordered cytoskeletal bundles.
New J Phys 14:033037

Lenz M, Thoresen T, Gardel ML, Dinner AR (2012b)
Contractile units in disordered actomyosin bundles
arise from F-actin buckling. Phys Rev Lett 108:238107
Lenz M (2014) Geometrical origins of contractility in
disordered actomyosin networks. Phys Rev X 4:041002
Murrell M, Oakes PW, Lenz M, Gardel ML (2015) Forc-
ing cells into shape: the mechanics of actomyosin con-
tractility. Nat Rev Mol Cell Biol 16:486

Chen S, Markovich T, MacKintosh FC (2020)
Motor-free contractility in active gels. Phys Rev Lett
125:208101

Chugh P, Clark AG, Smith MB, Cassani DAD, Dierkes
K, Ragab A, Roux PP, Charras G, Salbreux G, Paluch EK
(2017) Actin cortex architecture regulates cell surface
tension. Nat Cell Biol 19:689

Ennomani H, Letort G, Guérin C, Martiel J-L, Cao
W, Nédélec E, De La Cruz EM, Théry M, Blanchoin L
(2016) Architecture and connectivity govern actin net-
work contractility. Curr Biol 26:616

Dasanayake NL, Michalski PJ, Carlsson AE (2011) Gen-
eral mechanism of actomyosin contractility. Phys Rev
Lett 107:118101

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

Wang S, Wolynes PG (2012) Active contractility in acto-
myosin networks. Proc Natl Acad Sci 109:6446

Ditlev JA, Mayer BJ, Loew LM (2013) There is more
than one way to model an elephant. Experiment-driven
modeling of the actin cytoskeleton. Biophys J 104:520
Hawkins RJ, Liverpool TB (2014) Stress reorganization
and response in active solids. Phys Rev Lett 113:028102
Hiraiwa T, Salbreux G (2016) Role of turnover in active
stress generation in a filament network. Phys Rev Lett
116:188101

Ronceray P, Broedersz CP, Lenz M (2016) Fiber net-
works amplify active stress. Proc Natl Acad Sci 113:2827
Liman J, Bueno C, Eliaz Y, Schafer NP, Waxham MN,
Wolynes PG, Levine H, Cheung MS (2020) The role of
the Arp2/3 complex in shaping the dynamics and struc-
tures of branched actomyosin networks. Proc Natl Acad
Sci 117:10825

Chaikin PM, Lubensky TC (1995) Principles of con-
densed matter physics. Cambridge University Press,
Cambridge

Fang X, Kruse K, Lu T, Wang J (2019) Nonequilibrium
physics in biology. Rev Mod Phys 91:045004

de Groot SR, Mazur P (1962) Non-equilibrium ther-
modynamics. Wiley, New York

Ramaswamy S (2017) Active matter. ] Stat Mech Theory
Exp 2017:054002

Kruse K, Joanny JF Jiilicher F Prost J, Sekimoto K
(2005) Generic theory of active polar gels: a paradigm
for cytoskeletal dynamics. Eur Phys J E 16:5

Jillicher F, Kruse K, Prost ], Joanny JF (2007) Active
behavior of the cytoskeleton. Phys Rep 449:3

Joanny J-F, Prost J (2009) Active gels as a description of
the actin-myosin cytoskeleton. HFSP J 3:94
Ramaswamy S (2010) The mechanics and statistics of
active matter. Annu Rev Cond Matter Phys 1:323
Marchetti MC, Joanny JE, Ramaswamy S, Liverpool TB,
Prost J, Rao M, Simha RA (2013) Hydrodynamics of
soft active matter. Rev Mod Phys 85:1143

Prost J, Jiilicher F, Joanny J-F (2015) Active gel physics.
Nat Phys 11:111

Jillicher F, Grill SW, Salbreux G (2018) Hydrodynamic
theory of active matter. Rep Prog Phys 81:076601
Doostmohammadi A, Ignés-Mullol J, Yeomans JM,
Sagués F (2018) Active nematics. Nat Commun 9:3246
Ramaswamy S (2019) Active fluids. Nat Rev Phys 1:640
de Gennes PG, Prost J (1993) The physics of liquid
crystals, 2nd edn. Clarendon Press, Oxford

Fiirthauer S, Strempel M, Grill SW, Jiilicher F (2012)
Active chiral fluids. Eur Phys J E 35:1

Fiirthauer S, Strempel M, Grill SW, Jiilicher F (2013)
Active chiral processes in thin films. Phys Rev Lett
110:048103

Markovich T, Tjhung E, Cates ME (2019) Chiral active
matter: microscopic ‘torque dipoles’ have more than

one hydrodynamic description. New J Phys 21:112001

@ Springer %

109



K. V.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

110

@ Springer

Kumar

Naganathan SR, Fiirthauer S, Nishikawa M, Jiilicher F,
Grill SW (2014) Active torque generation by the acto-
myosin cell cortex drives left-right symmetry breaking.
eLife 3:e04165

Tee YH, Shemesh T, Thiagarajan V, Hariadi RF,
Anderson KL, Page C, Volkmann N, Hanein D, Sivara-
makrishnan S, Kozlov MM, Bershadsky AD (2015)
Cellular chirality arising from the self-organization of
the actin cytoskeleton. Nat Cell Biol 17:445

Pimpale LG, Middelkoop TC, Mietke A, Grill SW
(2020) Cell lineage-dependent chiral actomyosin
flows drive cellular rearrangements in early Caeno-
rhabditis elegans development. eLife 9:e54930
Naganathan SR, Middelkoop TC, Fiirthauer S, Grill
SW (2016) Actomyosin-driven left-right asymmetry:
from molecular torques to chiral self organization.
Curr Opin Cell Biol 38:24

Inaki M, Liu J, Matsuno K (2016) Cell chirality: its
origin and roles in left- right asymmetric develop-
ment. Philos Trans R Soc B 371:20150403

Banerjee DS, Munjal A, Lecuit T, Rao M (2017) Acto-
myosin pulsation and flows in an active elastomer
with turnover and network remodeling. Nat Com-
mun 8:1121

Garzon-Coral C, Fantana HA, Howard J (2016) A
force-generating machinery maintains the spindle at
the cell center during mitosis. Science 352:1124
Mayer M, Depken M, Bois JS, Jiilicher F, Grill SW
(2010) Anisotropies in cortical tension reveal the
physical basis of polarizing cortical flows. Nature
467:617

Nishikawa M, Naganathan SR, Jilicher F Grill SW
(2017) Controlling contractile instabilities in the acto-
myosin cortex. eLife 6:¢19595

Doubrovinski K, Swan M, Polyakov O, Wieschaus EF
(2017) Measurement of cortical elasticity in Drosophila
melanogaster embryos using ferrofluids. Proc Natl Acad
Sci 114:1051

Peukes J, Betz T (2014) Direct measurement of the cor-
tical tension during the growth of membrane blebs.
Biophys J 107:1810

Fischer-Friedrich E, Toyoda Y, Cattin CJ, Miiller DJ,
Hyman AA, Jiilicher F (2016) Rheology of the active
cell cortex in mitosis. Biophys J 111:589

eSilva MS, Stuhrmann B, Betz T, Koenderink GH
(2014) Time-resolved microrheology of actively remod-
eling actomyosin networks. New J Phys 16:075010

Bois JS, Jiilicher F, Grill S (2011) Pattern formation in
active fluids. Phys Rev Lett 106:1

Kumar KV, Bois JS, Jiilicher F, Grill SW (2014) Pulsa-
tory patterns in active fluids. Phys Rev Lett 112:208101
Howard J, Grill SW, Bois JS (2011) Turing’s next steps:
the mechanochemical basis of morphogenesis. Nat Rev
Mol Cell Biol 12:392

Q
1ISc

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Husain K, Rao M (2017) Emergent structures in an
active polar fluid: dynamics of shape, scattering, and
merger. Phys Rev Lett 118:078104

Das A, Polley A, Rao M (2016) Phase segregation of
passive advective particles in an active medium. Phys
Rev Lett 116:068306

Goswami D, Gowrishankar K, Bilgrami S, Ghosh S,
Raghupathy R, Chadda R, Vishwakarma R, Rao M,
Mayor S (2008) Nanoclusters of GPI-anchored pro-
teins are formed by cortical actin-driven activity. Cell
135:1085

Chaudhuri A, Bhattacharya B, Gowrishankar K,
Mayor S, Rao M (2011) Spatiotemporal regulation of
chemical reactions by active cytoskeletal remodeling.
Proc Natl Acad Sci 108:14825

Gowrishankar K, Ghosh S, Saha S, Rumamol C,
Mayor S, Rao M, (2012) Active remodeling of corti-
cal actin regulates spatiotemporal organization of cell
surface molecules. Cell 149:1353

Salbreux G, Prost J, Joanny JF (2009) Hydrodynam-
ics of cellular cortical flows and the formation of con-
tractile rings. Phys Rev Lett 103:058102

Reymann A-C, Staniscia F, Erzberger A, Salbreux G,
Grill SW (2016) Cortical flow aligns actin filaments to
form a furrow. eLife 5:e17807

Mietke A, Jemseena V, Kumar KV, Sbalzarini IF, Jiili-
cher F (2019a) Minimal model of cellular symmetry
breaking. Phys Rev Lett 123:188101

Menon VV, Soumya SS, Agarwal A, Naganathan SR,
Inamdar MM, Sain A (2017) Asymmetric flows in the
intercellular membrane during cytokinesis. Biophys J
113:2787

Grill SW, Howard J, Schiffer E, Stelzer EHK, Hyman
AA (2003) The distribution of active force generators
controls mitotic spindle position. Science 301:518
Grill S, Kruse K, Jiilicher F (2005) Theory of mitotic
spindle oscillations. Phys Rev Lett 94:108104

Pollard TD (2017) Nine unanswered questions about
cytokinesis. J Cell Biol 216:3007

Pollard TD, O’Shaughnessy B (2019) Molecular mecha-
nism of cytokinesis. Annu Rev Biochem 88:661

Pollard TD (2014) The value of mechanistic biophysical
information for systems-level understanding of com-
plex biological processes such as cytokinesis. Biophys ]
107:2499

Hird SN, White JG (1993) Cortical and cytoplasmic
flow polarity in early embryonic cells of Caenorhabditis
elegans. ] Cell Biol 121:1343

Munro E, Nance ], Priess JR (2004) Cortical flows
powered by asymmetrical contraction transport PAR
proteins to establish and maintain anterior-posterior
polarity in the early C. elegans embryo. Dev Cell 7:413
Goehring NW, Trong PK, Bois JS, Chowdhury D, Nicola
EM, Hyman A, Grill SW (2011) Polarization of PAR
proteins by advective triggering of a pattern-forming

system. Science 334:1137

,,,,,, J. Indian Inst. Sci.l VOL 101:1197-112 January 2021 ljournal.iisc.ernet.in



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

J. Indian Inst. Sci. IVOL 101:1197-112 January 2021 ljournal.iisc.ernet.in

The Actomyosin Cortex of Cells: A Thin Film of Active Matter

Gross P, Kumar KV, Goehring NW, Bois JS, Hoege C,
Jitlicher E, Grill SW (2019) Guiding self-organized pat-
tern formation in cell polarity establishment. Nat Phys
15:293

Niwayama R, Shinohara K, Kimura A (2011) Hydrody-
namic property of the cytoplasm is sufficient to medi-
ate cytoplasmic streaming in the Caenorhabditis elegans
embryo. Proc Natl Acad Sci 108:11900

Mogilner A, Manhart A (2018) Intracellular fluid
mechanics: coupling cytoplasmic flow with active
cytoskeletal gel. Annu Rev Fluid Mech 50:347

Mittasch M, Gross P, Nestler M, Fritsch AW, Iserman C,
Kar M, Munder M, Voigt A, Alberti S, Grill SW, Krey-
sing M (2018) Non-invasive perturbations of intracel-
lular flow reveal physical principles of cell organization.
Nat Cell Biol 20:344

Kruse K, Joanny JF, Jiilicher F, Prost J (2006) Contractil-
ity and retrograde flow in lamellipodium motion. Phys
Biol 3:130

Hawkins RJ, Poincloux R, Bénichou O, Piel M, Chavrier
P, Voituriez R (2011) Spontaneous contractility-medi-
ated cortical flow generates cell migration in three-
dimensional environments. Biophys J 101:1041
Alvarez-Gonzalez B, Meili R, Bastounis E, Firtel RA,
Lasheras JC, del Alamo JC (2015) Three-dimensional
balance of cortical tension and axial contractility ena-
bles fast amoeboid migration. Biophys J 108:821
Callan-Jones AC, Voituriez R (2013) Active gel model of
amoeboid cell motility. New J Phys 15:025022

Charras G, Paluch E (2008) Blebs lead the way: how to
migrate without lamellipodia. Nat Rev Mol Cell Biol
9:730

Paluch EK, Raz E (2013) The role and regulation of
blebs in cell migration. Curr Opin Cell Biol 25:582

Lim FY, Chiam K-H, Mahadevan L (2012) The size,
shape, and dynamics of cellular blebs. Europhys Lett
100:28004

Alert R, Casademunt J (2016) Bleb nucleation through
membrane peeling. Phys Rev Lett 116:068101
Manakova K, Yan H, Lowengrub J, Allard J (2016) Cell
surface mechanochemistry and the determinants of
bleb formation, healing, and travel velocity. Biophys J
110:1636

Mizuno D, Tardin C, Schmidt CEF, MacKintosh FC
(2007) Nonequilibrium mechanics of active cytoskel-
etal networks. Science 315:370

Soares e Silva M, Depken M, Stuhrmann B, Korsten M,
MacKintosh FC, Koenderink GH, (2011) Active mul-
tistage coarsening of actin networks driven by myosin
motors. Proc Natl Acad Sci 108:9408

Shah EA, Keren K (2014) Symmetry breaking in recon-
stituted actin cortices. eLife 3:e01433

Malik-Garbi M, Ierushalmi N, Jansen S, Abu-Shah E,
Goode BL, Mogilner A, Keren K (2019) Scaling behav-
iour in steady-state contracting actomyosin networks.
Nat Phys 15:509

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Terushalmi N, Malik-Garbi M, Manhart A, Shah EA,
Goode BL, Mogilner A, Keren K (2020) Centering and
symmetry breaking in confined contracting actomyosin
networks. eLife 9:e55368

Tan TH, Malik-Garbi M, Abu-Shah E, Li J, Sharma A,
MacKintosh FC, Keren K, Schmidt CF, Fakhri N (2018)
Self-organized stress patterns drive state transitions in
actin cortices. Sci Adv 4:eaar2847

Schaller V, Weber C, Semmrich C, Frey E, Bausch AR
(2010) Polar patterns of driven filaments. Nature 467:73
Huber L, Suzuki R, Kriiger T, Frey E, Bausch AR (2018)
Emergence of coexisting ordered states in active matter
systems. Science 361:255

Pontani L-L, van der Gucht J, Salbreux G, Heuvingh J,
Joanny J-E, Sykes C (2009) Reconstitution of an actin
cortex inside a liposome. Biophys J 96:192

Koster DV, Husain K, Iljazi E, Bhat A, Bieling P, Mul-
lins RD, Rao M, Mayor S (2016) Actomyosin dynam-
ics drive local membrane component organization in
an in vitro active composite layer. Proc Natl Acad Sci
113:E1645

Thompson DW (1992) On growth and form: the com-
plete, Revised edn. Dover Publications, New York
Lecuit T, Lenne P-F, Munro E (2011) Force generation,
transmission, and integration during cell and tissue
morphogenesis. Annu Rev Cell Dev Biol 27:157

Munjal A, Lecuit T (2014) Actomyosin networks and
tissue morphogenesis. Development 141:1789

Gross P, Kumar KV, Grill SW (2017) How active
mechanics and regulatory biochemistry combine to
form patterns in development. Annu Rev Biophys
46:337

Ranft J, Basan M, Elgeti J, Joanny J-F, Prost J, Jiilicher F
(2010) Fluidization of tissues by cell division and apop-
tosis. Proc Natl Acad Sci USA 107:20863

Hannezo E, Prost ], Joanny J-F (2011) Instabilities of
monolayered epithelia: shape and structure of villi and
crypts. Phys Rev Lett 107:1

Hannezo E, Dong B, Recho P, Joanny J-F, Hayashi S
(2015) Cortical instability drives periodic supracellular
actin pattern formation in epithelial tubes. Proc Natl
Acad Sci 112:8620

Maitre J-L, Berthoumieux H, Krens SFG, Salbreux G,
Jillicher E Paluch E, Heisenberg C-P (2012) Adhesion
functions in cell sorting by mechanically coupling the
cortices of adhering cells. Science 338:253

Rauzi M, Lenne P-E Lecuit T (2010) Planar polarized
actomyosin contractile flows control epithelial junction
remodelling. Nature 468:1110

Collinet C, Rauzi M, Lenne P-F, Lecuit T (2012) Local
and tissue-scale forces drive oriented junction growth
during tissue extension. Nat Cell Biol 17:1247

Munjal A, Philippe J-M, Munro E, Lecuit T (2015) A
self-organized biomechanical network drives shape

changes during tissue morphogenesis. Nature 524:351

@ Springer %

111



112

K. V.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

@ Springer

Kumar

Etournay R, Popovi¢ M, Merkel M, Nandi A, Blasse C,
Aigouy B, Brandl H, Myers G, Salbreux G, Jiilicher F,
Eaton S (2015) Interplay of cell dynamics and epithelial
tension during morphogenesis of the Drosophila pupal
wing. eLife 4:e07090

Popovi¢ M, Nandi A, Merkel M, Etournay R, Eaton S,
Jiilicher F, Salbreux G (2017) Active dynamics of tissue
shear flow. New ] Phys 19:033006

Behrndt M, Salbreux G, Campinho P, Hauschild R,
Oswald F, Roensch J, Grill SW, Heisenberg C-P (2012)
Forces driving epithelial spreading in zebrafish gastru-
lation. Science 338:257

Begnaud S, Chen T, Delacour D, Mége R-M, Ladoux B
(2016) Mechanics of epithelial tissues during gap clo-
sure. Curr Opin Cell Biol Cell Dyn 42:52

Srivastava P, Shlomovitz R, Gov NS, Rao M (2013) Pat-
terning of polar active filaments on a tense cylindrical
membrane. Phys Rev Lett 110:168104

Miinster S, Jain A, Mietke A, Pavlopoulos A, Grill SW,
Tomancak P (2019) Attachment of the blastoderm to
the vitelline envelope affects gastrulation of insects.
Nature 568:395

Jain A, Ulman V, Mukherjee A, Prakash M, Cuenca MB,
Pimpale LG, Miinster S, Haase R, Panfilio KA, Jug F,
Grill SW, Tomancak P, Pavlopoulos A (2020) Regional-
ized tissue fluidization is required for epithelial gap clo-
sure during insect gastrulation. Nat Commun 11:5604
Brugués A, Anon E, Conte V, Veldhuis JH, Gupta M,
Colombelli J, Mufioz JJ, Brodland GW, Ladoux B, Tre-
pat X (2014) Forces driving epithelial wound healing.
Nat Phys 10:683

Alert R, Trepat X (2020) Physical models of collective
cell migration. Annu Rev Cond Matter Phys 11:77
Boocock D, Hino N, Ruzickova N, Hirashima T, Han-
nezo E (2020) Theory of mechanochemical patterning
and optimal migration in cell monolayers. Nat Phys.
https://doi.org/10.1038/s41567-020-01037-7
Pérez-Gonzélez C, Alert R, Blanch-Mercader C, Gémez-
Gonzilez M, Kolodziej T, Bazellieres E, Casademunt J,
Trepat X (2018) Active wetting of epithelial tissues. Nat
Phys 15:79

Farhadifar R, Roper J-C, Aigouy B, Eaton S, Jiilicher F
(2007) The influence of cell mechanics, cell—cell inter-
actions, and proliferation on epithelial packing. Curr
Biol 17:2095

Fletcher AG, Osterfield M, Baker RE, Shvartsman SY
(2014) Vertex models of epithelial morphogenesis. Bio-
phys J 106:2291

K. Vijay Kumar is on the faculty of the
International Centre for Theoretical Sci-
ences (ICTS-TIFR) of the Tata Institute of
Fundamental Research, Bengaluru. He has a
PhD in physics from the Indian Institute of
Science (IISc), Bengaluru. He spent a few

Q
1ISc

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Hannezo E, Prost J, Joanny J-F (2014) Theory of epi-
thelial sheet morphology in three dimensions. Proc Natl
Acad Sci 111:27

Monier B, Gettings M, Gay G, Mangeat T, Schott S,
Guarner A, Suzanne M (2015) Apico-basal forces
exerted by apoptotic cells drive epithelium folding.
Nature 518:245

Alt S, Ganguly P, Salbreux G (2017) Vertex models:
from cell mechanics to tissue morphogenesis. Philos
Trans R Soc B 372:20150520

Turlier H, Audoly B, Prost J, Joanny J-F (2014) Fur-
row constriction in animal cell cytokinesis. Biophys ]
106:114

Maitra A, Srivastava P, Rao M, Ramaswamy S (2014)
Activating membranes. Phys Rev Lett 112:258101
Berthoumieux H, Maitre J-L, Heisenberg C-P, Paluch
EK, Jiilicher F Salbreux G (2014) Active elastic thin
shell theory for cellular deformations. New ] Phys
16:065005

Callan-Jones AC, Ruprecht V, Wieser S, Heisenberg CP,
Voituriez R (2016) Cortical flow-driven shapes of non-
adherent cells. Phys Rev Lett 116:028102

Salbreux G, Jiilicher F (2017) Mechanics of active sur-
faces. Phys Rev E 96:032404

Rowghanian P, Campas O (2017) Non-equilibrium
membrane homeostasis in expanding cellular domains.
Biophys J 113:132

Mietke A, Jiilicher F, Sbalzarini IF (2019b) Self-organ-
ized shape dynamics of active surfaces. Proc Natl Acad
Sci 116:29

Torres-Sénchez A, Millan D, Arroyo M (2019) Model-
ling fluid deformable surfaces with an emphasis on bio-
logical interfaces. ] Fluid Mech 872:218

Morris RG, Rao M (2019) Active morphogenesis of epi-
thelial monolayers. Phys Rev E 100:022413

Braun E, Keren K (2018) Hydra regeneration: closing
the loop with mechanical processes in morphogenesis.
BioEssays 0:1700204

Maroudas-Sacks Y, Garion L, Shani-Zerbib L, Livs-
hits A, Braun E, Keren K (2020) Topological defects in
the nematic order of actin fibres as organization cen-
tres of Hydra morphogenesis. Nat Phys. https://doi.
org/10.1038/s41567-020-01083-1

Grill SW (2011) Growing up is stressful: biophysical
laws of morphogenesis. Curr Opin Genet Dev 21:647
Naganathan SR, Fiirthauer S, Rodriguez ], Fievet BT,
Jillicher F, Ahringer J, Cannistraci CV, Grill SW (2018)
Morphogenetic degeneracies in the actomyosin cortex.
eLife 7:¢37677

years as a postdoc at the Max-Planck-Institute of Physics of
Complex Systems and the Max-Planck-Institutes for Molec-
ular Cell Biology & Genetics in Dresden, Germany. His
research interests are broadly in the physics of living systems
with the current focus on understanding mechanochemical
processes during morphogenesis.

,,,,,, J. Indian Inst. Sci.l VOL 101:1197-112 January 2021 ljournal.iisc.ernet.in


https://doi.org/10.1038/s41567-020-01037-7
https://doi.org/10.1038/s41567-020-01083-1
https://doi.org/10.1038/s41567-020-01083-1

	The Actomyosin Cortex of Cells: A Thin Film of Active Matter
	Abstract | 
	1 Introduction
	2 Force-Generation in the Actomyosin Cortex
	3 Physical Models of the Cortex
	4 Cellular Processes Driven by the Actomyosin Cortex
	4.1 Mechanochemical Patterns
	4.2 Cell Division
	4.3 Cell Polarity
	4.4 Cell Motility
	4.5 In Vitro Reconstitution of the Actomyosin Cortex

	5 Shaping Cells and Tissues Using Actomyosin Contractility
	5.1 Tissues: In Vivo and In Silico
	5.2 Geometrodynamics of Active Matter

	6 Outlook
	Acknowledgements
	References




