
ARTICLES
PUBLISHED ONLINE: 8 AUGUST 2016 | DOI: 10.1038/NPHYS3836

Deterministic patterns in cell motility
Ido Lavi1*, Matthieu Piel2,3, Ana-Maria Lennon-Duménil4, Raphaël Voituriez5 and Nir S. Gov1

Cell migration paths are generally described as random walks, associated with both intrinsic and extrinsic noise. However,
complex cell locomotion is not merely related to such fluctuations, but is often determined by the underlying machinery. Cell
motility is driven mechanically by actin and myosin, two molecular components that generate contractile forces. Other cell
functions make use of the same components and, therefore, will compete with the migratory apparatus. Here, we propose
a physical model of such a competitive system, namely dendritic cells whose antigen capture function and migratory ability
are coupled by myosin II. The model predicts that this coupling gives rise to a dynamic instability, whereby cells switch from
persistent migration to unidirectional self-oscillation, through a Hopf bifurcation. Cells can then switch to periodic polarity
reversals through a homoclinic bifurcation. These predicted dynamic regimes are characterized by robust features that we
identify through in vitro trajectories of dendritic cells over long timescales and distances. We expect that competition for
limited resources in other migrating cell types can lead to similar deterministic migration modes.

Mammalian cell motility is essential to many life processes,
including embryogenesis, wound healing, cancer metas-
tasis and the immune response. Due to both intrinsic

and extrinsic noise, it is generally assumed that large-scale cell
trajectories are all but impossible to interpret deterministically. Such
paths are therefore described as various types of random walks1–3.
On the other hand, more than two decades of experimental and
theoretical research have delineated the basic biophysical processes
that underlie motility at the cell scale and, in particular, the role
played by cytoskeletal components, actin and myosin, in generating
protrusive and contractile forces4–22. This delineation now allows us
to further understand the large-scalemigration patterns of dendritic
cells (DCs)23,24, as governed by an intracellular competition for a key
limited resource, myosin II (myo-II).

The movement of DCs is central to the mammalian immune
system. These cells collect and process microbial antigens in tissues
and transport them to lymphoid organs, thereby initiating adaptive
immune responses25–28. Tissue patrolling by DCs involves migration
as well as antigen capture by macropinocytosis, an actin-driven
endocytic pathway that enables the nonspecific internalization of
large amounts of extracellular material29–31.

In a recent study, Chabaud and Heuzé23 have investigated
how DCs coordinate their antigen capture function with their
migratory capacity by imaging them crawling along micro-
fabricated channels. These experiments revealed that actin-coated
vesicles (macropinosomes) form and accumulate at the cell’s leading
edge. Recruitment of myo-II to these vesicles was manipulated
genetically, and it was found that cells exhibit a variety of noteworthy
migration patterns. These were described as persistent (for low
myo-II recruitment to the cell front) or intermittent random walks
(high recruitment), which were suggested to optimize the search
strategy of DCs in patrolling tissues23.

In our reassessment of the experimental trajectories (provided by
Chabaud et al.)23, we find that DCs can sustain highly persistent
movements, exhibit regular alternations between periods of fast
and slow motility, and even perform periodic polarity reversals
(Supplementary Fig. 1). These distinct patterns are maintained

over long periods (of the order of an hour), far greater than the
typical time of migration over a cell length (few minutes). This
suggests that a deterministic mechanism underlies these emergent
migration modes.

We propose a dynamical system that describes the intracellular
transport of myo-II, the actomyosin contractile forces that pull the
cortical actin, and the accumulation of macropinocytic vesicles.
For simplicity, we first separate the cytoplasm into two regions:
the cytosol at the cell rear and the accumulated vesicles at the cell
front, as illustrated in Fig. 1. Assuming a constant effective friction
between the actomyosin cortex and the channel walls22,32, the actin
treadmilling velocity in the cell’s reference frame is proportional to
the (forward) cell speed.

In the cytosol, we adopt the one-dimensional, deterministic
form of our model for the universal coupling of cell speed and
cell persistence (UCSP)22. We consider myo-II as the natural back-
polarity cue due to its direct role in establishing the rear actin–
myosin organization9, in contracting the cell rear cortex to enable
translocation of the cell body6, and in inducing the treadmilling
flow of actin filaments13. The steady-state actin retrograde flow
velocity, V ∗, is then governed by a phenomenological coupling to
the asymmetry of the myo-II concentration, c(x).

V ∗=β
( c(0)
cs+ c(0)

−
c(L)

cs+ c(L)

)
(1)

Here, actin flow is generated by the imbalance of myo-II contractile
forces at the opposite ends of the cytosol (x=0, x=L)with coupling
strength β (also the maximal speed). The action of the motors in
inducing force on the actin is a classical Hill function with the
saturation parameter cs. The dynamics of the cortical actin flow
velocity, V , are given by

V̇=−γ (V−V ∗) (2)

which describes a damped approach to the instantaneous target
flow, V ∗, over a typical timescale of γ −1.
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Figure 1 | System illustration (cell reference frame). In the cytosol (left), myo-II motors are either advected by actin retrograde flow, or di�use in the
intracellular fluid. This region is assumed to have fixed length L, and myo-II binds to cortical actin filaments with on- and o�-rates kon,ko�. At the cell front
(right), actin-coated vesicles are accumulated. The length of this region is proportional to the amount of binding sites, Sf . At x=L, myo-II is recruited to the
vesicles with on- and o�-rates κon,κo�.

We assume uniform actin flow and neglect the effect of the
nuclear excluded volume. The myo-II follows advection–diffusion
transport in the cytosol with no-flux boundary conditions

∂tc(x , t)− Ṽ∂xc(x , t)= D̃∂xxc(x , t) (3)
0= Ṽ c(0, t)+ D̃∂xc(0, t)
0=−Ṽ c(L, t)− D̃∂xc(L, t)

(4)

where Ṽ=konV/(kon+koff) and D̃=koffD/(kon+koff) (see Fig. 1).
The free diffusion time over the cell length (∝ L2/D), which

characterizes the equilibration of myo-II, is considered faster
than the relaxation time of actin flow (γ −1) (ref. 22). The
myo-II concentration is then taken as the stationary solution to
equation (3). Without the outward flux (equation (4)), nor the
binding of myo-II to the vesicles, the total myo-II in the cytosol
is conserved (ctot =

∫ L
0 c(x)dx is constant) and this results in

an exponential profile, c(x)= ctotṼ e−Ṽ x/D̃/D̃(1−e−Ṽ L/D̃), which is
substituted in equation (1). Consequently, the basic model is a first-
order ODE of the actin flow, V (equation (2)). As a function of the
two dimensionless control parameters, konβL/koffD (Peclet number)
and csL/ctot (relative saturation limit of pullers), three migration
phases are predicted: non-motile, persistent and bi-stable, where
both V ∗=0 and V ∗>0 are stable steady states (see Supplementary
Fig. 2). However, this basic model, which describes a positive
feedback loop between cell speed and cell polarity, cannot explain
oscillations without introducing the recruitment of myo-II to the
accumulated vesicles (negative feedback).

We treat the vesicles region as residing at the front end of the
cytosol (x=L, Fig. 1). This actin-rich domain is quantified by the
amount of newly formed binding sites formyo-II, represented by the
slowly varying field Sf . Vesicles are observed to form at the leading
edge, following the forward acceleration of the cell (see Supplemen-
tary Fig. 5 in Chabaud et al.23), implying that their production rate
is an increasing function of the cell speed. The physical basis for
such a causal relation is the fact that vesicles assembly requires the
extension of actin-based protrusions, which are driven by the actin
polymerization at the cell front that is also involved in generating the
actin treadmilling. In addition, vesicles have a finite lifetime, and
the recruited myo-II enhances their flow towards the cytosol23. A
minimal description of these dynamic processes is given by

Ṡf =αV− (λ+ρcf )Sf (5)

where α determines the rate of vesicle production, the vesicles
lifetime is λ−1, and ρ describes the ability of myo-II to enhance
the vesicles decay rate. We define cf as the coverage of myo-II on
these sites, such that the total myo-II at the cell front is given by
cf Sf . Note that the parameter ρ is reducible, as it can be set to
zero, while conserving the qualitative behaviour of the model (see
Supplementary Fig. 9).

Myo-II at the cell front is recruited to the free binding sites on the
vesicles with fast on and off rates (κon and κoff, Fig. 1)

ċf =κonc(L)(1− cf )−κoffcf (6)

The rapid molecular transport results in the fast equilibration of
myo-II, relative to the actin flow relaxation time and vesicle lifetime
(κ−1off ,L

2/D�γ −1,λ−1). The self-consistent quasi steady state of the
redistributed myo-II in the two parts of the cell is given by

c(x)=CV ,Sf e
−kVx/D, cf =

κc(L)
1+κc(L)

(7)

where k= kon/koff, κ= κon/κoff and the normalization factor, CV ,Sf ,
is calculated from the conservation of total myo-II

ctot=
∫ L

0
c(x)dx+ cf Sf (8)

The system is then two-dimensional in the variables V and Sf ,
with their dynamics defined by ODEs in equations (2) and (5).
In addition to the self-polarization feedback loop described in
the basic model (equations (1)–(3)), the speed, V , now explicitly
aids the formation of the vesicles, Sf (equation (5)). On the other
hand, by depleting myo-II from the cytosol (see conservation law
in equation (8)), Sf has an implicit inhibitory effect on V . The
decreased myo-II concentration at the cell rear (c(x), equation (7)),
which is substituted in equation (1), results in a weaker contractile
force that induces a lower actin treadmilling velocity (equation (2)).

Many of the model parameters are currently unattainable
experimentally, and may also be subject to a significant variability,
making it extremely difficult to provide for complete quantitative
predictions at this juncture. To efficiently classify the robust
dynamic regimes that can arise in this model, we performed our
analysis on the reduced, nondimensional form of the system in the
variables v≡ (kon/koff)(VL/D) and sf ≡Sf /ctot, whose dynamic laws
are given with six dimensionless parameters (see Supplementary
Information 3.1 and Table 1). These parameters are taken as positive
numbers and we limit ourselves to values of (dimensionless) β
and cs that are well within the persistent phase of the basic UCSP
model (Supplementary Equation (6)), such that, without the loss of
myo-II from the cytosol, the cell stabilizes at saturated speed. We
then identified the robust topology of the coupled v− sf dynamical
systemby varying each dimensionless parameter individuallywithin
estimated orders of magnitude (see Supplementary Section 3.4).
With finite recruitment of myo-II to the vesicles (κ > 0), and
independently of the actin flow relaxation rate (γ > 0), the speed
nullcline has two parts; one along the sf axis (v = 0), with the
other being a non-monotonic concave curve that crosses sf = 0
at maximal speed saturation (as in Fig. 2a). The sf nullcline is
monotonically rising for any value of α> 0, κ > 0 and ρ> 0. With
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Table 1 |Dimensionless numbers used in numerical solutions.

Symbol In dimensional
parameters

Evaluation Value

Fig. 2 Fig. 3 Fig. 5
γ γ /λ Fixed within inferred order of magnitude (101) 52 36 50
β konβL/ko� D Fixed within inferred order of magnitude (100) 6.32 6.31 6.04
cs csL/ctot Fixed within estimated order of magnitude (100) 2.0 2.0 2.0
ρ ρ/λ Fixed arbitrarily but unimportant (can be reduced) 10 10 10
α ko�Dα/kon Lctotλ Unknown fitting parameter 7.00 7.10 7.115
κ ctot κon/Lκo� Unknown fitting parameter 0.16(b),0.20(c) 0.185(c),0.20(d) 0.155
ε – Unknown fitting parameter (bidirectional motion) – – 0.058

For more details see discussion on parametrization in Supplementary Section 5.
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Figure 2 | Switch from continuous migration to motility pulses. a, Hopf
bifurcation. The parameter κ is varied with the other parameters fixed (see
Table 1). Red solid (dotted) line marks the stable (unstable) fixed point, and
dashed line marks the origin (saddle point). Orange lines mark the stable
limit cycle. We show phase portraits corresponding to κ=0.15 and κ=0.2.
Blue, nullcline of the cell speed (Supplementary Equation (12)). Purple,
nullcline of the vesicles (Supplementary Equation (13)). Red dots denote
fixed points. Black arrows represent trajectories on the v− sf phase plane.
b,c, Theoretical kymographs of numerically calculated trajectories that have
approached the stable fixed point (κ=0.16, b), and the stable limit cycle
(κ=0.2, c) with fixed parameters as in a. Distance is scaled to the cytosol
length, L, time scales as the vesicles lifetime, λ−1. Cell speed is proportional
to the actin flow, v(t), and the front region length is proportional to the
amount of vesicles, sf(t) (see Supplementary Information 7.2.1 for details).
The colour heat map gives the local concentration of myo-II: exponential
c(x) in the cytosol, and coverage of cf on the front region (equation (7)).
d,e, Typical experimental kymographs of mouse bone marrow dendritic
cells (BMDCs) crawling in 5× 5 µm micro-channels. Ii knockout (d) and
wild type (e). Cells express Myosin IIA-GFP (colour heat map).
Experimental trajectories are provided by Chabaud and colleagues23.

these robust properties, the nullclines necessarily cross twice: at the
origin (v=0, sf =0, which is a saddle point), and at a fixed point of
finite values, denoted (vN, sN) (found numerically). As function of
all model parameters, this fixed point can be either linearly stable or
unstable (Supplementary Information 3.2–3.4).

Motivated by the experimental manipulation of the myo-II
association with the cell front23, we fixed five dimensionless
numbers (following a qualitative fitting procedure detailed in
Supplementary Section 5 and summarized in Table 1), and chose
here as a control parameter the recruitment ratio of myo-II to the
vesicles, κ (equation (7)). Increasing κ (Fig. 2a and Supplementary
Movie 1) can switch the fate of a cell from stabilizing at a saturated
speed, and balanced dynamics of vesicles (Fig. 2a,b), to an instability
which leads to a relaxation limit cycle (Fig. 2a,c and Supplementary
Movie 2). The birth of the stable limit cycle occurs through a super-
critical Hopf bifurcation, as (vN, sN) changes stability via a pair of
purely imaginary eigenvalues. Consistently, in the experiments23,
invariant chain knock out cells (Ii−/−)—in which myo-II has
reduced association with the macropinosomes at the cell front—
exhibited more persistent movements (as in Fig. 2d) than wild
types, which typically alternate between periods of slow and fast
migration (Fig. 2e). Note that the cell in Fig. 2d seems to be
approaching its steady state, as myo-II is gradually depleted from
the rear due to the continuous increase in the amount of vesicles at
the front, concomitantwith an observed decrease in cell velocity (see
Supplementary Fig. 14). At steady state, the total amount of myo-II
associated with vesicles can be fairly large—as long as the cell has
enough myo-II at its rear to maintain persistent motion.

To better understand the theoretical trajectories, we consider a
cell that begins at low speed, and with few vesicles (thick phase
curves in Fig. 2a). This cell will make use of myo-II in the cytosol to
quickly establish polarity and approach the speed saturation limit
(over a timescale γ −1). The fast cell then slowly forms vesicles
at the leading edge (with rate αv). The vesicles recruit myo-II
motors from the cytosol at the cell front (x = L, Fig. 1), which
gradually reduces the actin flow velocity. As the vesicles accumulate
they can either stabilize at balanced rates of formation and decay
(ṡf =0; equation (5)), while the actin flow velocity is still fast and
persistent (low κ , Fig. 2a,b), in which case the fixed point is stable
and attracts all trajectories; or keep accumulating as the myo-II
in the cytosol falls under a critical level (high κ , Fig. 2a,c). The
myo-II contractile forces, applied at the cell rear, are then tooweak to
sustain a persistent retrograde flow of actin. As the cell slows down,
the cytosol loses its front-rear myo-II gradient and more myo-II is
recruited to the vesicles (the speed-polarity feedback loop reverts to
stop the cell). At low speed, the production rate of vesicles declines,
and they slowly resorb (with rate λ) and flow to the cytosol, assisted
by the recruited myo-II (equation (5)). Finally, as the vesicles are
resorbed, the freed myo-II returns to the cytosol, and suffices to
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Figure 3 | Approach to a stable limit cycle. a,b, Kymograph and corresponding time series of experimental trajectories. The colour heat map gives the
noise-filtered MyosinII A-GFP signal. Time series: the total myo-II at the cell front (MyoFront, magenta) and cell back (MyoBack, green), and the length of
the cell front (front length, red) are measured with respect to the nucleus front edge. Nucleus speed (blue) is calculated by tracking the nucleus centre of
mass. Experimental time series are smoothed and displayed with a confidence level set as the standard deviation in each sliding time average.
c,d, Theoretical kymographs and corresponding time series of numerical solutions to the model (chosen parameters listed in Table 1), fitted to match the
observations in a,b, respectively. The local myo-II concentration is plotted as the colour heat map. Insets, phase-space trajectories (corresponding to the
numerical solutions) that demonstrate the spiralling into (c) and out of (d) the stable limit cycle. MyoFront (magenta) is the total myo-II associated with
the vesicles, cfsf . MyoBack (green) is the total myo-II in the cytosol,

∫ 1
0 c(x)dx. Actin flow (blue) is represented by the dimensionless v(t), proportional to

the cell speed. Front vesicles (red) mark the binding sites, sf(t), proportional to the length of the front region.

restart the polarizing mechanism with the actin retrograde flow.
This multi-stage dynamic enables the recurrence of the stop-and-go
events. All trajectories are attracted to a stable relaxation limit cycle,
which is shaped by the disparate timescales of the two competing
functions: motility (characterized by the actin flow relaxation time,
γ −1) stabilizes faster than macropinocytosis (characterized by the
vesicles lifetime, λ−1).

Although in Fig. 2 we manipulated the myo-II recruitment ratio,
κ , increasing the production rate of the vesicles themselves, α, while
keeping κ and the other parameters fixed, also induces the switch
from persistence to oscillations—through the Hopf bifurcation
(Supplementary Fig. 8). The reverted switch arises naturally during
the maturation process of these cells. In experiments of DC
activation and migration in channels24, mature DCs were shown
to decrease their production of macropinocytic vesicles, and have
exhibited faster and highly persistent motion as opposed to the

typical stop-and-go patterns of immature DCs24. This transition is
straightforward in the model, since a low production of vesicles
implies fewer binding sites for myo-II at the cell front, and the
high levels of myo-II at the cell rear can maintain the persistent,
polarized state.

Several key properties of the theoretical limit cycle are
conserved within the oscillatory regime (Figs 2a,c and 3c,d). First,
anticlockwise rotation of the system in the v–sf phase space, such
that the vesicles follow the speed (positive lag time between v and
sf ). Notably, the minimum in the amount of vesicles corresponds to
the maximal acceleration of the cell speed. Second, the total myo-II
on the vesicles region is maximal only after the vesicles have began
to decay. This positive lag time between sf and cf sf is a consequence
of the recruitment being proportional to the concentration of
myo-II at the cell front, c(L), which increases only as the cell speed
decreases. Last, the alternations in cell speed are asymmetric in
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Figure 4 | Switch from unidirectional to bidirectional oscillations through a homoclinic bifurcation. a–d, Phase portraits of the three-dimensional system
{v, sf , sb} (Supplementary Equations (23)–(25)). Blue, speed nullcline (v̇=0). Purple, intersection of the two vesicles nullclines (ṡf= ṡb=0). Red, fixed
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added coupling (ε=0). b, Low coupling (ε=0.03). c, Critical value of ε(ε≈0.0557). d, Beyond the critical value (ε=0.08).

the duration of acceleration and deceleration. Following the slow
motion period, the cell rapidly accelerates to the maximal speed,
and then slowly decelerates due to the gradual loss of myo-II.

These features are clearly manifested in experimental trajectories
(provided by Chabaud et al.)23, even through long timescales
(see Fig. 3). In Supplementary Fig. 16, we examine unidirectional
oscillatory trajectories of DCs and confirm these observations
more quantitatively in three ways. First, by showing the cross-
correlation of cell speed and the forward cell extension length,
which is proportional to the amount of vesicles (for details on the
experimental analysis see Supplementary Information). We find the
peak of the cross-correlation at a positive lag time, which is less
than a quarter period, in agreement with the model. Second, by
showing the cross-correlation of the front cell extension length and
the total MyoIIA-GFP signal on that extension. The peak of this
cross-correlation is also located at a positive lag time, in qualitative
agreement with the model. Last, by quantification of the asymmetry
between consecutive acceleration and deceleration periods, along
cell trajectories. We find that cell acceleration is predominantly
faster than deceleration. To compare, we vary eachmodel parameter
separately (across an order of magnitude) to demonstrate the
robustness of this feature on the theoretical limit cycle.

Another prediction of the model is that the limit cycle attracts
all initial conditions, implying that cells are expected to migrate

in a distinct path to approach the oscillatory patterns. The
natural variability in the experimental system provides us with cell
trajectories that correspond to different sets of initial conditions,
some of which can be off the limit cycle. In Fig. 3 we compare
observed cell trajectories to numerical solutions of the model.
These examples give experimental indications of the two possible
approaches to the stable limit cycle: quickly spiralling into the cycle
(Fig. 3a,c and SupplementaryMovie 3) or slowly spiralling out of the
unstable fixed point (Fig. 3b,d and Supplementary Movie 4).

In addition to the unidirectional patterns described so far,
DCs have been observed to repeatedly change direction (polarity
reversals, as in Supplementary Fig. 1). The cortical actin may be
pulled forward as a result of the contraction of the actomyosin
associated with the vesicles at the cell front. This is described
by a negative contribution to the retrograde flow, proportional to
(−cf sf ). With reversal of direction thereby enabled, we account
for vesicles accumulating on the opposite end of the cell, which,
following a change in direction, becomes the new leading edge.
These vesicles (with binding sites sb) recruit myo-II (with coverage
cb) from x= 0. We keep the analysis in nondimensional form and
expand the system to the three variables {v, sf , sb}. The steady-state
actin retrograde flow velocity is given by

v∗∗=v∗+ε(cbsb− cf sf ) (9)
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the nuclear speed (blue). Speed and length are smoothed and displayed with a confidence level set as the standard deviation in each sliding time average.
b, Theoretical kymograph (as in Figs 2, 3, with chosen parameters listed in Table 1) and corresponding time series of a calculated trajectory, fitted to match
the observation in a. We plot the actin flow (v, blue) and the total vesicles represented by the sum amount of binding sites at both ends (sb+ sf , red).

where the parameter ε represents the coupling strength between
cortical actin flow and the recruited myo-II on the vesicles.
The expanded quasi steady state of the myo-II concentration in
the three cell regions (c(x), cf , cb) is again obtained analytically
(Supplementary Equation (21)). The term v∗ refers to the
dimensionless form of V ∗ (Supplementary Equation (10)).

The actin flow then approaches the target speed v∗∗ (Supplemen-
tary Equation (23)), and the dynamics of sf and sb are such that vesi-
cles form only at the leading edge, and thereby decay exponentially
at the trailing edge (Supplementary Equations (24) and (25)).

Increasing ε can induce an additional qualitative change in
the system dynamics, whereby the unidirectional limit cycle
is annihilated and bidirectional migration patterns emerge (see
discussion below regarding Fig. 4). This transition is known as a
homoclinic bifurcation. Unlike the Hopf bifurcation, in which a
limit cycle is born through the local change in stability of a spiral
fixed point, the homoclinic bifurcation occurs globally (that is, not
determined by the local stability of fixed points). In this scenario, an
infinite-period unstable limit cycle, known as a homoclinic orbit, is
formed—at a critical value of the control parameter—when a limit
cycle approaches a saddle fixed point33 (in our case, the origin).

In the absence of added force (ε = 0), the speed nullcline at
v = 0 separates trajectories such that the sign of initial speed is
conserved (Fig. 4a). At very low values of ε, cells that start with
many vesicles at the leading edge may perform a single change in
direction, after which the movement is maintained to the opposite
direction (Fig. 4b). In this regime, the origin’s stable manifold acts
as a boundary (separatrix) between phase curves that flow to one of
the two unidirectional limit cycles, whose amplitudes increase with
ε. At a critical value of ε, as the unidirectional limit-cycles approach
the origin, the stable and unstable manifolds of the origin coincide
to form a homoclinic orbit that encloses the two attracting limit
cycles (Fig. 4c). For higher ε, the stable manifold originates at the
two unstable fixed points. This leads to the formation of a single
attractor, in the form of a bidirectional limit cycle (4d).

Such predicted polarity reversals are clearly seen in experimental
trajectories, which can persist over long times containing few

periods (as in Fig. 5a and Supplementary Fig. 17, and in Fig. 5
of Solanes et al.34). In Supplementary Fig. 18, we compute the
cross-correlation between the absolute cell speed and the total cell
extension length (proportional to the sum amount of vesicles at both
ends of the cell) along bidirectional trajectories. As confirmation
of the predicted CCW rotation of the system, the peak of this
cross-correlation is found at a positive lag time. Cells are also
expected to migrate in a distinct path to approach the bidirectional
limit cycle. For example, a cell that begins to spiral out of the
unstable fixed point will first perform unidirectional alternations
of speed in growing amplitudes before exhibiting periodic polarity
reversals. In Fig. 5awe give a compelling example of an experimental
trajectory that demonstrates this behaviour. This trajectory is
matched qualitatively with a numerical solution of the model
(Fig. 5b and Supplementary Movie 5). More complex limit cycles,
involving one or several unidirectional speed modulations that are
then followed by polarity reversals, can also arise from this model
(Supplementary Fig. 12 and Supplementary Movies 6 and 7).

Bidirectional oscillations in cells migrating on lines were
observed mostly at the cell scale35,36, with the notable exception
reported in ref. 37. These observations were attributed to different
mechanisms of polarity reversals, described using more complex
numerical models35,38. Unlike these previous descriptions, our
reduction in the dynamical degrees of freedom results in a minimal
system of ODEs, highlighting only myo-II dependent process. This
simple description allows for a deep analytic understanding of the
underlying oscillatory mechanism.

Our deterministic model predicts distinct unidirectional and
bidirectional migration modes that correspond to those observed
in large-scale trajectories of DCs. Future studies of optimal searches
by DCs should therefore extend the current random-walk descrip-
tion3,23 to include deterministic migration paths. It is important to
note, however, that the inherent fluctuations of the biological sys-
tem, omitted from this simplifiedmodel, can lead to dynamical tran-
sitions between the qualitatively different migration modes (as seen
in Supplementary Fig. 19). Furthermore, the typical timescale of
variation in eachmodel parameter remains unknown due to current
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experimental limitations. Notwithstanding, we argue that DC mi-
gration is steered by tractable molecular transport processes (dif-
fusion, advection, and absorption to actin-rich vesicles) that stage
a competition for myo-II between motility and macropinocytosis.
Interestingly, it was recently reported39 that these two functions also
compete for a signalling component (PIP3) in Dictyostelium. We
therefore expect that these cells, and other migrating cell types that
make use of limited force-transducing resources for different cellular
functions, will display similar migration patterns40.

Data availability. The data that support the plots within this paper
and other findings of this study are available from the corresponding
author upon request.
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news & views

Cellular biology is frugal, often using 
the same protein building block in 
multiple independent functional 

constructs. What happens when these needs 
conflict? Writing in Nature Physics, Ido Lavi 
and colleagues1 have shown that competition 
for a key effector molecule, namely 
myosin II, can drive complex unexpected 
behaviour in the motion of a certain class 
of white blood cell. Moreover, the success 
of their model in explaining the data shows 
that the community of scientists applying 
physics to cell motility is rapidly progressing 
in its quantitative capabilities.

Eukaryotic cell motility, requiring 
the coordination of forces arising from 
the non-equilibrium physics of the 
cytoskeleton, continues to challenge 
physicists and biologists alike. The basic 
components have been clear for some time, 
with polymerized actin playing a primary 
role. Actin filaments can alter their spatial 
self-organization depending on their 
binding partners2. In many motile cell 
types, this leads to branched protruding 
structures at the front and contracting 
bundles at the rear3. How these possibilities 
combine with cytosol flow, adhesion to the 
substrate, and membrane mechanics to 
generate the myriad observed behaviours 
is the crux of what the field is striving 
to understand.

One of these critical binding partners 
is the protein myosin, a well-studied 
component of heart and skeletal muscle. 
Myosin acts as a molecular motor, 
converting chemical energy to perform 
work on actin filaments4. This mechanical 
action leads to active stresses inside the 
cell, generating actin flow (a net backward 
motion of the filament network in the 
frame of the cell) and ultimately helping 
to drive the cell forward. Self-consistently, 
myosin is driven to the rear of the cell by the 
actin flow and can be detected there by the 
tools of modern biological imaging; it is a 
primary contributor to the polarization of 
the cell into front and back regions. Several 
groups have created mathematical models 
of this flow5–7 and its consequences for cell 

polarity, with applications to issues such as 
motion persistence and the morphology of 
fish keratocytes.

But cells — including those that are 
motile — have a variety of essential tasks 
that they have to perform. Take for example 
the case of dendritic cells. A dendritic cell 
is a specialized form of white blood cell 
that plays an important role in antigen 
presentation. When faced with a foreign 
invader, the human immune system must 
learn to recognize the signs of an infected 
cell. One way this occurs is that dendritic 
cells ‘swallow’ pieces of infected cell debris 
and display protein fragments from this 
debris on the surface8. This display instructs 
lymphocytes (specifically T-cells) to search 
for this pattern in the nearby tissue and kill 
the offending presenters. For our purposes, 
the key notion is that this process requires 
much of the same polymeric machinery as 
does the motility engine. This type of dual 
use has been known for some time (and has 
recently9 been re-emphasized) in the simple 
Dictyostelium amoeba, where the swallowing 
is actually used for nutrition. However, 
the consequences, if any, of this possible 
resource conflict were unclear.

Lavi et al.1 re-analysed data10 on the 
motion of a dendritic cell through a micro-
fabricated channel. The channel essentially 
removed most of the freedom of the cell to 
adopt different shapes and hence reduced 
the problem to tracking the net motion as a 
consequence of the variation of cytoskeletal 
components in the one spatial dimension. 
The experiment clearly indicated a critical 
role for myosin in determining the motion. 
Lavi et al.1 devised an advection–diffusion 
equation for myosin, coupled to a simple 
phenomenological equation spelling out 
how myosin determines motion. Their major 
assumption was that there is a dynamic 
balance between myosin in the rear part of 
the cell where it is used to power motion and 
myosin in the forward part where it allows 
for the membrane reorganization needed in 
antigen capture.

They then proceeded to analyse 
their nonlinear model with the tools 

of bifurcation theory, finding a Hopf 
bifurcation to an oscillating velocity state 
and also a homoclinic bifurcation to a state 
with periodic cell reversals. The resultant 
dynamical behaviour allowed them to make 
sense of the experimental data, which also 
exhibits rather complex trajectories. In fact, 
the agreement is quite outstanding, lending 
credence to their approach and indeed to the 
entire macroscopic modelling framework on 
which it is based.

Of course, this work is not the end of 
the story. Restriction to one-dimensional 
behaviour is a convenient protocol for 
experimenter and theorist alike, but is hardly 
the most physiological setting. It would thus 
be interesting to redo the experiment on 
two-dimensional surfaces and, eventually, 
inside realistic tissue microenvironments. 
A corresponding (and highly non-trivial) 
extension of the analysis would then be 
necessary. And we should not lose sight of 
the fact that the parameters chosen to make 
the model match the data are not directly 
measurable, but instead must be fit; this is a 
shortcoming of all cell motility models and 
prevents theory from being fully predictive. 
These caveats aside, however, it is exciting 
to see how far we have come in our ability 
to unravel one of the most interesting 
capabilities of living cells. ❐
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How to eat on the go
Dendritic cells use components of their cytoskeleton to both move and ingest pieces of infected cells. This 
competition for protein resources can give rise to a complex set of states that may be understood with an 
advection–diffusion model.
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