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A B S T R A C T

Lamellipodial locomotion of fish keratocytes is one of the simplest examples of actin-based motility. In the last
four decades, fruitful collaborations between experimentalists and theorists have resulted in a detailed me-
chanistic understanding of the self-organized lamellipodial engine powering keratocyte motility. Here we review
the mechanical mechanisms underlying keratocyte migration, highlighting the interplay between modeling and
experiments that led to insights regarding the dynamics of actin network organization, cell shape, and self-
polarization. We discuss how to apply lessons learnt from keratocytes to understand cell migration in more
complex, physiological contexts.

1. Introduction

Almost a century ago, Goodrich described ‘certain cells having
curious fan shaped projections’ (Fig. 1a,b) that crawled off a fish scale
onto a flat coverslip [1]. He was surprised to find that the cells moved
rapidly (0.1–0.2 um/sec) at right angles to the long axis of their elon-
gated ‘delicate fan’. By sticking a pipet under a cell, he found that he
could pry off the loosely adherent cell body but not the firmly adherent
fan. Based on this observation, Goodrich hypothesized, correctly, these
‘fans to be the motor organs of the cell’. We now know that the kera-
tocyte “fan” is the lamellipodium (“flat foot”), and that it is filled with a
dynamic actin-myosin network. Goodrich declared these ‘canoe cells’ to
be the ‘best objects to study cell behavior.’ Indeed, while keratocytes
may not be the best model for studying all cell behaviors, they have
become the model of choice for studying lamellipodial biophysics.

The main advantage of the keratocyte as a mechanical model for
migration is its simplicity. Cell migration depends on proper spatio-
temporal integration of several processes: actin network growth and
adhesion formation at the leading edge, myosin contraction, actin
network turnover, and adhesion disassembly at the trailing edge.
Whereas migration of the more widely-studied mammalian fibroblast is
complex—multiple locomotory appendages with stress fibers embedded
in narrow lamellipodia and lamella driving slow, unsteady movements
[2]— keratocyte gliding motility is steady and persistent. In 1984,
Euteneuer and Schliwa [3] observed that keratocytes could shed la-
mellipodial fragments (Fig. 1a,b) – flat actin mesh wrapped within a

plasma membrane, and devoid of a nucleus and organelles – which
moved with similar shape and speed to the mother cells [3]. This
confirmed that the cell body is but a passive cargo, and that the la-
mellipodial engine is self-organized and mechanically autonomous
(Fig. 1a). Another simplification these cells offer is that their motility is
independent of microtubules [4], likely because the locomotion is so
fast that microtubules emanating from the cell body cannot keep up
with the leading edge. In the mid-90′s, electron microscopy (EM) re-
vealed the beautiful lamellipodial actin network structure, with fila-
ments oriented with their growing ends directed forward, and abutting
the leading-edge membrane at two symmetric angles (Fig. 1e) [5,6].

These early studies posed the following general biophysical ques-
tions [7]: How does the lamellipodial actin network self-organize such
that the polymerizing ends are oriented towards the leading edge? How
does the actin network turn over and translocate forward? What are the
force balances in the lamellipodium and how do they determine overall
lamellipodial shape and movement? How does the whole cell self-po-
larize and turn? What determines cell speed? Above all, how do self-
organizing actin-myosin dynamics at the molecular and sub-cellular
(micron) scale integrate into coherent movement at the cellular (tens of
microns) scale? In this review, we discuss how experiment and theory
synergized over the last 25 years to answer these questions.

2. Lamellipodial actin network polarity and organization

Actin filaments (F-Actin) are polar: they have barbed and pointed
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ends. At physiological concentrations of monomeric actin (G-actin),
free barbed ends grow rapidly, whereas pointed ends grow slowly or
disassemble. These polar filaments can organize into networks which
are isotropic and non-polar, such as the cell cortex [8], but in the la-
mellipodia the actin filaments self-organize into a polar network. One of
the most famous keratocyte images is Svitkina’s EM micrograph of the
‘brush’ actin network at the lamellipodial leading edge [6], showing a
branched network with barbed ends oriented toward the leading edge
(schematically shown in Fig. 1e). The dendritic nucleation model,
which emerged from investigating the purely protrusive actin comet
tails of intracellular pathogens [9] and beads in in vitro reconstitution
experiments [10], in addition to lessons from lamellipodia, explained
the steady treadmilling of actin arrays at the leading edge (Fig. 1e).
Growing barbed ends of actin filaments abut the membrane until they
get capped and lag behind the protruding edge (Fig. 1e), while acti-
vation of the Arp2/3 protein complex by nucleation promoting factors

(NPFs) at the edge, leads to the continuous nucleation of nascent
‘daughter’ filaments that branch off the activated Arp2/3 complex
bound to the sides or tips of ‘mother’ filaments.

What is the mechanism for maintaining the network’s polarity?
More specifically, why are the barbed ends oriented toward the leading
edge (Fig. 1e)? Three, not mutually exclusive, hypotheses for this po-
larization are reviewed in [11]. All three have computational models
illustrating their feasibility, and some supporting data, yet none of them
are proven true. First, there is the rather obvious ‘precise leading-edge
geometry’ hypothesis simulated in [12], according to which the
branching process at the cell leading edge is sterically specific, so that
an NPF and an activated Arp2/3 complex localize in a precise or-
ientation generating a nascent daughter filament with a forward-
pointing barbed end. Second, there is an elegant ‘force-curvature’ me-
chanism observed and simulated in [13]: a higher rate of branching
from convex, curved out, lateral surface of an actin filament, perhaps

Fig. 1. Lamellipodial engine of a keratocyte. a. Scanning electron microscopic images showing a top view of a motile keratocyte and a lamellipodial fragment (upper
left image). The lamellipodial shapes of the cell and fragment are similar, but the cell has a large ellipsoidal nucleus at the rear; also visible are the actin-myosin
bundles symmetrically connecting the nucleus to the rear side corners of the lamellipodium. Images courtesy of Shlomit Yehudai-Reshef and Kinneret Keren. b. Phase
contrast images of a motile cell and fragment showing the rapid and straight ‘gliding’ locomotion with steady shapes. Images courtesy of Greg Allen. c. Fluorescence
images showing the distributions of uncapped barbed ends (top right, magenta; AlexaFluor546-actin) and filamentous actin (bottom right, green; Alexa Fluor 488-
phalloidin) and an overlay of the uncapped barbed ends and actin network density (left) in a cell following fixation and end labeling as described in [105]. Images
courtesy of Noa Ofer and Kinneret Keren. d. Schematic illustration of the reactions and diffusion involved in lamellipodial actin turnover between the different actin
subpopulations. The actin network flow in the cell frame of reference represents the drift of the actin network from the front of the cell to its rear. This drift is
generated by filament polymerization at the front. The network flow speed is equal to the polymerization rate. e. Schematic illustration of the branched structure of
the lamellipodial actin network at the leading edge.
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due to dependence of Arp2/3 binding rates on the filament’s precise
geometry, generates a forward bias for nascent filament nucleation. As
actin filaments at the leading edge push on the plasma membrane and
bend, the elastic deformations make the filaments convex, curved out at
the side facing the cell front. This leads to a bias in branching forward,
which ultimately could explain the anisotropic character of the la-
mellipodial network.

Finally, the majority of research has been devoted to the third hy-
pothesis: ‘spatially regulated capping’ [14,15], which is based on the
assumption that the rate of filament capping at the leading edge de-
pends on the angle at which the filament abuts the membrane. Speci-
fically, the more perpendicular the filament is to the membrane, the
lower the capping rate. The molecular mechanism underlying such a
dependence is unclear, but one could imagine, for example, that the
capping rate depends on the fraction of time the barbed end spends
away from the membrane, and that the barbed ends of normally or-
iented growing filaments rarely leave the membrane. Simulations in
[14] showed that such angle-dependent capping rate effectively leads to
the ‘survival’ of two symmetric families of filaments, subtended at± 35
degrees to the protrusion direction (Fig. 1e). Measurements of the actin
network’s angular organization at the keratocyte leading edge con-
firmed this prediction [14]. The qualitative explanation for this phe-
nomenon is based on the phenomenon of collective interdependent
‘survival’ of mother-daughter filament pairs and on the fact that fila-
ments in these pairs are at 70 degrees to each other.

Later, theoretical arguments showed that the filament angular dis-
tribution also depends on the load force at the leading edge [16]. This
prediction was confirmed in recent experiments [17], which found that
multiple feedbacks exist between actin network density, angular orga-
nization and protrusion speed at the keratocyte leading edge. Specifi-
cally, when protrusion accelerated, only filaments that were almost
normal to the leading edge could keep up with it, which caused a
sparser network with more angularly aligned filaments to emerge.
Conversely, when protrusion slowed down, the network became more
isotropic and denser, as many filaments at various angles could keep up
with the cell front. The feedback mechanisms, as well as connections to
the mechanics of the network growth and the ratio between poly-
merized and unpolymerized actin subunits remain unclear.

Another related question regarding the lamellipodial structure is
what makes it so flat: in the direction normal to the substrate, the la-
mellipodial thickness is a mere 0.1–0.2 microns [18]. One feasible
hypothesis is that NPF, localized in a narrow band at the leading edge,
position activated Arp2/3 complexes in a precise orientation so that the
daughter filaments branch in parallel to the substrate from the mother
filaments that are parallel to the substrate [12]. There are no experi-
mental studies addressing this issue.

3. Lamellipodial turnover and transport

As the cell migrates, the lamellipodial network turns over and the
components must be transported in the migration direction. The initial
hypothesis regarding the mechanism of this turnover and transport was
simple: long actin filaments span the lamellipodium and treadmill, with
their barbed ends growing at the front, pointed ends shortening at the
rear, and actin monomers diffusing from the rear to the front [19]. The
discovery of the branched structure of the lamellipodial network with
multiple short filaments [6] challenged this hypothesis, leading to the
‘network-treadmilling’ model [20–22], according to which actin as-
sembly occurs primarily at the leading edge with slow network dis-
assembly everywhere. However, photoactivation experiments in kera-
tocytes [23] and single-molecule fluorescence speckle microscopy
measurements in fibroblasts [24] have led the ‘nucleation-release
model’, according to which rapid actin assembly and disassembly take
place throughout the lamellipodium.

Recently, Raz-Ben Aroush et al. [25] used lamellipodial fragments
of keratocytes that have the advantages of being geometrically simple,

homogeneous, and persistently motile, and combined extraction,
fluorescence recovery after photobleaching and fluorescence correla-
tion spectroscopy experiments with quantitative fluorescence micro-
scopy and mathematical modeling to reverse-engineer lamellipodial
actin turnover and transport. They found that the network turnover is
local, with rapid cycles of assembly and disassembly throughout the
lamellipodium, in agreement with the nucleation-release model. How-
ever, the actin transport is global – any given actin subunit released
from the disassembling network remains in the cytosol long enough to
allow diffusive spread of the disassembled subunits across the whole
lamellipodia (Fig. 1d). The main feature underlying this global trans-
port is that a large fraction of the actin subunits at any given time are
not associated with the filamentous network, and that the majority of
these diffusing actin subunits (in the form of monomers or oligomers)
remain in a non-polymerizable form long enough to diffuse across the
lamellipodium. One interesting implication of this actin transport
pathway is that the large diffusing non-polymerizable actin pool buffers
lamellipodial translocation against spatial-temporal fluctuations of as-
sembly and disassembly across the network. Recent studies in other cell
types show that the actin recycling patterns can be more complicated:
for example, the actin turnover is global in melanoma cells, with as-
sembly primarily at the leading edge and disassembly elsewhere [26].
In breast cancer cells, actin monomers incorporating into the leading
edge originate both from a global cytosolic pool and from a locally
recycled lamellipodial network actin [27].

Detailed mechanics and biochemistry of actin filaments’ nucleation
and growth at the leading edge, as well as regulation of the poly-
merizable monomeric pool, remain unclear. The mechanism of actin
filament growth at the leading edge may be not as simple as in solution,
where diffusing monomers assemble randomly onto growing barbed
ends. Rather, it is possible that the barbed ends are elongated in a
highly regulated way by a ‘polymerase’ machinery consisting of nu-
cleation promoting factors and accessory proteins localized at the
leading edge, and that the rate of elongation is not simply proportional
to the local actin monomer concentration in the cytoplasm [21].
Moreover, the mechanical load due to the tensed membrane also in-
fluences filament elongation rates. Mechanisms of polymerization and
collective pushing force generation by multiple filaments were re-
viewed in [28]. The collective force generated by the leading-edge fi-
laments was measured [29–31]; interestingly, the protrusion rate is
rather insensitive to the opposing load at low load levels.

Lastly, a very important, but poorly understood, process is the
mechanism of maintaining differential adhesion in a persistently mi-
grating cell. The main relevant question is how the adhesions stay firm
at the front and weak at the rear of a rapidly gliding cell. In 1997, Lee
and Jacobson discovered that firmly adhesive, close contacts form at
the leading edge in a precise molecular sequence, with integrin-talin-
actin links forming first, vinculin joining the adhesions next, followed
by α-actinin [32] (for recent insight, see [33]). Due to the steady la-
mellipodial treadmill, this temporal sequence of events translates into a
spatial pattern: adhesions of increasing molecular complexity localize
to consecutive zones roughly parallel to the leading edge. It is reason-
able to assume that the adhesive mechanical properties are determined
by the molecular content of the adhesive complexes, which means that
the adhesions’ mechanics is a function of the distance from the leading
edge, providing a potential explanation for the observed gripping at the
front and slipping at the retracting rear. Two related questions – how
this adhesion treadmill is coupled to the actin treadmilling array, and
how adhesion proteins are recycled from the rear to the front – remain
open.

4. Lamellipodial shape, mechanics and two mechanisms of
lamellipodial motility

The fundamental questions about the motile appendage of any
moving cell are: what shapes it and holds it together? What determines
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its speed? In 1993, the graded radial extension hypothesis [34] in-
tegrated experimental data into a mathematical model that explained
the wide, smooth and sloping shape of the leading edge as follows: the
protrusion rate at the front of the growing actin network is graded – it is
maximal at the center of the leading edge, and gradually decreases
towards the sides. The GRE model discovered that if the network grows
locally normal to the cell boundary – which was observed – then, the
shape of the leading edge was related to the distribution of the local
protrusion rate through a geometric factor. The next logical question is
what determines the graded character of the protrusion rate. As de-
tailed below, two mechanisms have been suggested to explain the local
variation of the protrusion rate and each appears to be relevant under
different conditions.

Mechanism 1 – Treadmilling in a membrane ‘bag’: The discovery of the
graded actin network density at the leading edge, which is maximal at
the center and decreases towards the sides (Fig. 1c, 2a) [35–37], led to
the force-balance model. According to this model, the growing actin
filaments abutting the leading edge membrane share the load equally
[15]. The load per unit length of the leading edge, coming mainly from
the membrane tension, is constant in space, because of the fluid char-
acter of the plasma membrane [38]. Thus, the load force per filament is
inversely proportional to the local filament density, so that the denser
filaments at the center grow faster than the sparser filaments at the side,
because the smaller load per filament at the center slows their poly-
merization to a lesser degree than the larger force per filament at the
sides. The molecular mechanism maintaining the graded filament
density remains unclear.

The force-balance model explains not only the leading-edge shape,
but also the observed correlations between cell speed, lamellipodial
shape and the actin network density spatial distribution [36], but in the
model the membrane tension remained an unexplained parameter.
Modeling and experiments with lamellipodial fragments [39] explained
how the membrane tension evolves and feeds back to the actin network
mechanics: the membrane tension is balanced by the collective force of
the uncapped actin filaments stalled at the lamellipodial sides, which
neither expand, nor collapse. At the front, the denser actin network
grows against this tension, while at the rear, the membrane tension
breaks down the network weakened by net disassembly across the la-
mellipodium (Fig. 2c). This model harkens to the early concept of the
motile cell as a cytoskeletal network treadmilling in an unstretchable
membrane bag [40]. The generality of the role of membrane tension as
a global inhibitor of protrusion that is crucial for the polarization and
organization of the lamellipodia was recently supported by research on
neutrophils [41].

Cell speed in this mechanism is determined by the effective growth
rate of the filaments at the leading edge, providing that the actin net-
work firmly adheres to the substrate, which is the case for lamellipodial
fragments [39]. In particular, in this scenario, myosin has little effect on
cell speed and shape as observed in lamellipodial fragments [39], but
not in whole cells [36]. This indicates that the local graded protrusion
can also arise via a second, myosin-powered, mechanism.

Mechanism 2 – Graded myosin contraction: The obvious manifesta-
tions of myosin activity in motile keratocytes are the myosin-dependent
traction forces that cells exert on the substrate (Fig. 3d) [42–44]. Two
early conceptual models of how myosin can promote locomotion were:
1) myosin motors carry the cell body forward on the polarized la-
mellipodial actin network, and 2) there is a sarcomeric, muscle-like
actomyosin contraction in the lamellipodia which brings the cell body
forward [7]. After EM images of the keratocyte lamellipodial networks
became available, these models were displaced by the ‘dynamic net-
work contraction’ model [6], according to which: a) myosin largely
sticks to the treadmilling actin array, and therefore, in the framework of
the moving cell, is swept to the rear; b) at the lamellipodial front, the
low myosin density does nothing to the mechanically robust actin
network; c) at the rear, the network is weakened by actin disassembly,
and myosin clusters pull filaments’ minus ends into antiparallel

bundles, effectively compressing the network forward and advancing
the lamellipodial rear. Also, importantly, there are ‘hot spots’ of net-
work disassembly at the lamellipodial rear, where myosin contracts the
network and breaks filaments apart [45].

The key for understanding the effect of myosin-powered contraction
on the cell motility turned out to be measurements of the lamellipodial
actin network flow (Fig. 2b) and traction forces [46,47]. Roughly
speaking, myosin generates contractile stress, effectively resulting in a
force proportional to the gradient of the myosin density. As the myosin
density increases from the cell edge inward (Fig. 2a), the force is cen-
tripetal, driving a centripetal actin network flow (Fig. 2b). The la-
mellipodial network can be treated as a viscous continuum that is being
deformed on top of a viscoelastic adhesive layer. The magnitude of
actin network flow is determined by the ratio between the local myosin
force and the combined effect of the adhesion drag and the network
resistance to deformations [48,49]. When the cell moves directionally,
myosin is swept to the rear making the centripetal actin network flow
asymmetric: fast at the rear, moderate at the sides and slow at the front
(Fig. 2b). This effect is very pronounced when adhesions are weak, and
the actin network flow is fast (Fig. 2b). The resulting centripetal flow at
the boundary is balanced by actin polymerization (Fig. 2d). Then, at the
front, the protrusion rate is equal to the actin network growth rate
minus the rate of slow retrograde flow. At the sides, the network growth
is balanced exactly by the inward network flow. At the rear, fast
anterograde network flow minus small actin network growth matches
the cell speed at the front.

This ‘graded myosin contraction’ model (Fig. 2d) accounts for la-
mellipodial shape and speed on low-adhesion substrates [48]. The cell
speed in this regime is the rate of actin network growth minus the rate
of the retrograde network flow at the front. The lower the adhesion, the
faster the flow (Fig. 2b), yet cell speed is reduced. When the adhesion is
firm, the myosin force at the front and sides cannot overcome the ad-
hesive drag, and the treadmilling mechanism explains the cell shape
and speed on higher-adhesion surfaces and/or when myosin is inhibited
(Fig. 2b) [48]. The role of myosin in this regime is assisting the mem-
brane tension in disassembling and retracting the lamellipodial rear. In
general, both mechanisms contribute (with varying weights depending
on the adhesion strength) to setting the cell shape and speed [48].

A very important general question is how the lamellipodial speed
and dimensions depend on the levels of key cytoskeletal proteins and
membrane area. Specifically, despite decades of research, even in the
simplest model system such as a keratocyte cell or fragment, we still
cannot answer the basic question: what determines cell speed?
Interestingly, Lieber and co-authors found that when giant lipid vesicles
were fused to motile keratocytes, the lamellipodial side-to-side width
increased drastically, while the lamellipodial front-to-rear length, actin
network density and cell speed remained roughly constant [50]. These
observations hint at the existence of feedbacks buffering the F- and
polymerizable G-actin density against fluctuations and making cell lo-
comotion robust.

5. Onset of motility, cell turning and non-steady movements

Elucidating the mechanisms of the straight and steady cell gliding
laid the groundwork for understanding non-steady cell movements. One
of the important examples is the initiation of locomotion, which starts
with cell polarization. Polarization can occur spontaneously or be
triggered by an extracellular signal, for example by a chemical gradient.
Recently, it was established that in Dictyostelium cells a chemoat-
tractant gradient activates a protrusive cell front first, followed by rear
development, while a chemorepellent induces a retracting rear first,
followed by protrusions at the opposite cell side [51]. Curiously, no
chemical has been found, as of yet, to which fish keratocytes respond.
However, more than 30 years ago, it was discovered that these cells
respond to electric fields [4]. Keratocytes glide toward the cathode,
which is important during wound healing in vivo, as electric fields arise
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in wounds due to disruption of the epithelial layer and the redirection
of trans-layer ion flows [52]. While the sensors of electric field differ in
various cell systems [53], in keratocytes, electrophoresis of mobile,
charged transmembrane proteins likely mediate the galvanotactic re-
sponse [54]: an electric field drives such proteins to one of the cell
edges, probably generating a spatial bias in the signaling pathways
associated with these proteins.

Self-polarization: Cells can self-polarize because of spontaneous
fluctuations and mechanochemical instabilities breaking the initial cell
symmetry. Intuitively, the prospective leading edge is the prime can-
didate for being the driver of self-polarization; indeed, there are many
examples when various cell types become motile by developing a fo-
cused protrusion first, which is followed by retraction at the opposite
cell side (reviewed in [55]).

Keratocytes demonstrate another simple pathway of mechanical
self-polarization to the growing inventory of polarization mechanisms
[56,57]: they polarize from the rear (Fig. 3a,b). In 2007, Yam et al. [58]
used fluorescent speckle microscopy to measure the centripetal actin
network flow in stationary symmetric keratocyte cells that look like
fried eggs with hemispherical mounds of cell bodies surrounded by
lamellipodial rings (Fig. 3a,c). They found that the polarization process
started with centripetal flow accelerating at one side of the cell
(Fig. 3c), followed by retraction of the cell boundary at that side which
becomes the prospective rear (Fig. 3b) [58]. These events were fol-
lowed by protrusions of the prospective leading edge opposite to the
developing rear (Fig. 3a,b).

The key observation in [59] elucidated the mechanics of this self-
polarization: traction force microscopy showed that the traction forces
dropped at the prospective cell rear before the asymmetric changes in

cell shape become visible (Fig. 3d). Lower traction force and faster actin
network flow (Fig. 3e) means that the adhesion strength drops at the cell
prospective rear at the onset of symmetry breaking. Adhesion in kera-
tocytes, as in other cells, has a stick-slip character [47,60–62]: the
adhesions start to slip when faster network flow breaks connections
between the adhesive molecules and the actin network. Barnhart et al.
[59] suggested that such stick-slip adhesion is responsible for the cru-
cial feedback between the adhesion and actin network flow underlying
motility initiation: an initial fluctuation lowers the adhesion at one side
of the cell, or alternatively, an initial random increase in the myosin
density at that side enhances the actin network flow there, making the
adhesions slip. The faster centripetal flow pulls that side inward re-
lieving membrane tension and allowing actin filaments at the opposite
side to protrude faster. As the cell starts moving, myosin accumulates at
the nascent rear, where its increased density generates greater con-
tractile stress, which accelerates the local network flow, keeping the
local adhesion strength low. Surprisingly, electric field bypasses the
requirement for myosin in cell polarization [63]. In this case, cells
appear to respond to the external signal at the prospective front by
inducing an extension of the cell at that end, which is followed by re-
traction of the rear.

Lamellipodial fragments do not self-polarize, at least over tens of
minutes [64], however, they can be polarized and induced to move
mechanically. A fluid-flow-induced compression at one side of a sta-
tionary fragment results in this side starting to retract and becoming the
rear, while protrusion of the other side ensues [64]. Qualitative [64]
and quantitative [38] models explain this observation as follows:
compression of the cell side condenses the actomyosin at that side,
which kick-starts the retraction of that nascent rear, while relieving the

Fig. 2. Two mechanisms for steady lamellipodial motility. a. Images of cells plated on low (left) and intermediate (right) adhesion strength surfaces with overlays of
the actin (red) and myosin (green) distribution. Actin is labeled with fluorescent phalloidin and myosin is immunolabeled. Images are from Fig. 6 of [48]. b. Actin
network flow maps in the cell frame of reference (top row), and in the lab frame of reference (bottom row), for cells plated on low (left column) and intermediate
(right column) adhesion strength surfaces. The flow velocity is color-coded; arrows indicate the flow direction. To measure the flow rates, the actin network was
labeled with a low concentration of AlexaFluor546-phalloidin. The procedure for fluorescent speckle microscopy and tracking actin speckles is described in [48].
Note that on the strong adhesion surface, the network flow in the lab frame of reference is negligible almost everywhere in the lamellipodium. Thus, the actin
network flow generated by actin polymerization at the leading edge translates into forward locomotion. At the rear, the actin network flow generated by myosin-
powered contraction and membrane tension is directed in an anterograde manner and pulls the cell rear forward. Images are from Fig. 6 of [48]. c. Schematic
illustration of the treadmilling actin network in the membrane ‘bag’ mechanism. Spatially graded actin growth is opposed by uniform membrane tension, leading to
graded protrusion along the leading edge which determines the steady shape of the lamellipodium. The cell rear is retracted by the force generated by the tensed
membrane. d. Schematic illustration of the graded myosin contraction mechanism. Uniform actin growth is translated to a graded protrusion rate due to the influence
of centripetal myosin-powered retrograde actin network flow. The front protrusion rate is set by the unopposed actin growth, while the sides are maintained through
a balance between actin network growth and inward myosin-driven contractile flows.

A. Mogilner, et al. Seminars in Cell and Developmental Biology 100 (2020) 143–151

147



prospective front at the opposite side from the membrane tension load
and facilitating protrusion there. Why spontaneous fluctuations can do
the same in whole cells, but not in fragments, remains unclear. Inter-
estingly, lamellipodial fragments in electric field migrate to the anode,
opposite to the direction of the mother cells [65], which could be ex-
plained by a tug-of-war of multiple opposing signaling pathways.

Turning: Cell turning is a crucial part of the motile response to
extracellular cues. Indeed, when electric field changes direction, the
cells frequently execute a smooth turn [66]. There is also the following
curious, still unexplained, observation: keratocytes from several fish
species move in a persistent, unidirectional manner at low temperatures
but at higher temperatures begin to take more circular or less-persistent
paths. Is it the cell front or the cell rear that drives the pivoting
movement, and what is the mechanism? The earliest related analysis is
the study of the traction forces generated by turning keratocyte cells
[44]. This study found that the turning is associated with a left-right
traction forces asymmetry. Considering that the ‘hot spots’ of the
traction are at the rear sides of the lamellipodium, this indicates that
the ‘steering wheel’ of the cell is its rear.

Analysis of turning cell morphodynamics (Fig. 3f) [66] indeed
confirms that turning is initiated at the cell rear, which is followed by
reorganization of the leading edge that adjusts its orientation. Data and
mechanical modeling in [66, 67], suggests that this turning from the
rear arises from a left-right symmetry breaking in a steadily moving
cell. Notably, the underlying mechanisms responsible for cell turning
and self-polarization are shared; both rely on the same pathways

relating actin network flow, myosin concentration and adhesion stick-
slip dynamics. The model posits that as a cell starts turning, for ex-
ample, to the left, the actin network flow in the framework of the
turning cell is biased to the right, which increases the myosin con-
centration at the rear right wing of the lamellipodium (Fig. 3f). This
raises the contractility level there, making local adhesions slip and
accelerating the centripetal actin network flow (Fig. 3f), which brings
the rear right end of the lamellipodium forward and to the left, main-
taining the turning movement and feeding back on the myosin asym-
metry. Asymmetries in myosin, actin network flow rate and traction
distributions predicted by the model were confirmed by experiments
[66].

While spontaneous turning of keratocytes originates from the rear,
turning induced by extracellular signals is likely to be initiated from the
front, by reorienting the wide protrusive lamellipodial front
[66,68–70]. Two examples of such induced turning implicate actin
binding proteins activated asymmetrically in the lamellipodium. In one
example, photo-uncaging of Thymosin at the side of a steadily moving
cell sequesters monomeric actin at that side, which reduces actin
polymerization locally leading to asymmetric protrusion rate and re-
orientation of the cell leading edge [70]. In another example, fluctua-
tions of concentration of the signaling molecule Arpin causes asym-
metries in actin branching, resulting in local asymmetric cessation of
protrusion and abrupt cell turns [68,69].

Waves and wobbles: Periodic or semi-periodic modulations of the
motile behavior of cells appear in many contexts [71]. Cell movements

Fig. 3. Self-polarization and turning mechanisms. a. Phase-contrast image sequence of a representative keratocyte cell breaking symmetry and initiating motility.
Images are from Fig. 2 of [58]. b. Time sequence of the cell outline during motility initiation, with color denoting time elapsed (in seconds). The image is from Fig. 2 of
[58]. c. Actin network flow field in a cell about to start moving to the right. The flow vectors are colored according to speed. The centripetal flow is increased at the
prospective rear. The image is from Fig. 2 of [58]. d. Traction force map shows the decrease of the traction forces in the prospective rear (left) just before motility
initiation. The force per unit area is color-coded; arrows indicate the force direction. The traction force microscopy and calculations are as described in [59]. Images
are from Fig. 3 of [59]. e. Schematic illustration of the cell polarization mechanism. A stationary keratocyte transitions into a motile keratocyte, when the prospective
cell rear exhibits faster inward actin network flow and lower traction forces. This can occur spontaneously due to transient increase in myosin induced contraction or
weaker adhesion. f. Schematic illustration of the cell spontaneous turning mechanics. The turning effectively enhances myosin density at the rear corner of the outer
cell wing. As a result, the stronger contraction there generates faster centripetal actin network flow (red arrow), which effectively turns the cell rear. The faster flow
also breaks the adhesions at the outer cell wing, so the traction force there is low (grey arrows).
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can involve the collective behavior of multiple self-organizing waves,
originating from feedbacks, for example between actin branching and
nucleation promoting factors’ dynamics [72,73]. Although keratocytes
normally have a broad smooth leading edge, they exhibit waving pro-
trusion on highly adhesive surfaces [74]. These waves arise due to a
combination of the following mechanochemical feedbacks: the protein
VASP (Vasodilator-stimulated phosphoprotein) colocalizes with and
protects growing barbed ends, promoting rapid protrusion. When the
protrusion is slowed down by increased membrane tension, adhesions
catch up with the slower leading edge, outcompete actin for binding
VASP and protrusion ceases, until another wave of protrusion is trig-
gered.

The nonlinear, stick-slip character of adhesions is crucial not only
for the keratocyte polarization and turning, but also for another type of
non-steady movement [75]. Although the leading edge glides smoothly
forward in rapidly locomoting keratocytes, the trailing edge often re-
tracts in an oscillatory fashion, with retraction of the rear on one side of
the cell body alternating with retraction on the other. A model with
mechanical coupling between the leading and trailing edge and stick-
slip adhesions explained these oscillations. In this model, as the front
protrudes, adhesions at the cell rear grip, causing growing tension that
finally makes the adhesions slip, allowing the rear to catch up with the
front and to start the next cycle of motility.

6. Discussion

Research on keratocytes allowed us to develop a detailed quanti-
tative understanding of lamellipodial mechanics on the cellular scale,
and of the lamellipodial actin-myosin network turnover and self-orga-
nization on the subcellular scale. To summarize, we now understand
fairly well how the actin network treadmills and turns over during
steady motility, how the balance between the forces of actin pushing,
membrane tension, myosin contraction and adhesions shape the cell,
and how the feedbacks between stick-slip adhesions, actin network flow
and myosin distribution enables cells to spontaneously initiate motility
and turn.

Due to space constraints, we could not review all aspects of kera-
tocyte motility that attracted researchers’ attention. Here, we briefly
mention some additional relevant studies. Plasma membrane flow and
tension gradients and their roles in cell locomotion were investigated in
[76–78]. Dziob et al. [79] and Okimura et al. [80] researched me-
chanosensitive behavior of keratocytes on deformable substrates. A
non-myosin force of contraction, generated by disassembly of the actin
gel and dynamic crosslinking, was considered in [81,82]. Mechanics of
forward translocation of the cell body was investigated in [76,78]. The
beauty of keratocytes’ shapes and movements inspired an avalanche of
soft-matter-physics and pattern-formation models [56,83–89]. A re-
lated issue is what molecular factors are keys to maintaining geometric
and mechanical stability of a single broad and smooth lamellipodial
protrusion in a motile cell. Experiments with zebrafish keratocytes re-
vealed that limited myosin activity in the lamellipodium prevents
splitting of a single lamellipodium into multiple protrusions [90]. Last,
but not least, it was observed that other cell types exhibit keratocyte-
like migratory behavior [91,92] suggesting that keratocytes’ lamelli-
podial motility represents a streamlined and simplified variant of a
general locomotion machinery.

Despite decades of research, we still do not understand the mole-
cular organization of the lamellipodial treadmill on the systems-level.
The general unanswered question is: How do the concentrations and
subcellular localizations of the vast array of actin-binding proteins,
signaling molecules and nucleation promotion factors determine the
polarity, dimensions and speed of the treadmill and the ultrastructure of
the actin network? Recent quantitative studies [21,93,94] started to
make inroads into various aspects of this question, but we are still far
from reaching a satisfactory level of understanding. It is likely that
other cell types, more amenable to genetic and biochemical

manipulations, will shed further light on the relevant molecular details.
Is what we learned from keratocytes about lamellipodial dynamics

relevant for cell motility in vivo?
The majority of animal cells rely on actin-based motility to move in

vivo. Studying the details of the various biochemical modules involved
(actin-myosin cytoskeleton, adhesions and the cell membrane) as well
as the biophysical coupling between them, which are the building
blocks of physiological motility, was and will remain easier in a 2D
lamellipodia [95]. However, in vivo, most cells migrate in a 3D extra-
cellular matrix (ECM) rather than crawl on a 2D surface. Do the lessons
from the crawling keratocyte remain valuable? In fact, many motile
cells do use lamellipodial-like appendages in 3D, for example when
crawling along a single fiber [96]. Cells inside a 3D scaffold were also
observed extending lamellipodial ‘rosettes’ [97]. However, the most
prominent mode of cell locomotion in 3D ECM is the amoeboid cell
movement driven by actin-myosin contraction at the cell rear gen-
erating hydrostatic pressure in the cytoplasm and protruding the
plasma membrane at the cell front, and by actomyosin cortex retro-
grade flow creating friction with the surrounding ECM and propelling
the cell forward [98]. From an initial glance, the amoeboid mechanism
has little to do with the mesenchymal locomotion of keratocyte using
actin-based pushing to extend the leading edge, strong integrin-based
adhesions, actin network treadmill and membrane tension, none of
which are crucial in dense 3D ECM [98]. However, the roles of cyto-
plasmic hydrostatic pressure [99,100] and flow [101] were also re-
searched in keratocytes and could be relevant for 3D motility in other
cell types. Moreover, it was shown that plasticity between lamellipodia-
driven, mesenchymal migration and bleb-driven amoeboid migration is
a powerful mechanism for metastatic cells to navigate highly variable
microenvironments [102,103].

Finally, keratocytes are a classic model system for single cell moti-
lity, but they could potentially be used to study collective migration of
epithelial cell sheets – in vivo this is how these cells function. Collective
migration of cohesive zebrafish keratocyte groups was recently char-
acterized [104]. There are, in fact, important physiological cases of cells
migrating on 2D surfaces in vivo, for example, keratocytes on fish scale
surface in the process of wound healing [104].
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