
Collective Cellular Motility

Thomas Lecuit 
chaire: Dynamiques du vivant

Course 2:  Mechanical guidance

COURS 
Ėɟ͝ڂ˪ǵ̿Ɏʡ͝ڂɎɟڂԆԅڂʎڂԅԅڂȊڂԆԆڂʎڂԉԅڂՕڂ�˪̵ʎʡͮʎɣǾͮ̿ɟڂ�ͽʡˍˍǵͽ˪ɟڂ@ͽɎɣڂ

15 novembre 2022
Introduction : de la cellule à la supra-cellule

22 novembre 2022
Tactisme mécanique — barotaxie

29 novembre 2022
Tactisme mécanique — durotaxie individuelle  
et collective

6 décembre 2022
Motilité collective au cours du développement

13 décembre 2022
Motilité collective des bactéries 

COLLOQUE
�˪̵ʎʡͮʎɣǾͮ̿ɟڂġǵͽ̿ʡɂɟڂ ǵˍȻǵɂʎ͝ڂ

Lundi 19 Juin 2023 
Growth and Form

Les cours et séminaires sont gratuits, en accès libre, sans inscription préalable.

Thomas Römer
Administrateur du Collège de France 
11, place Marcelin-Berthelot, 75005 Paris
www.college-de-france.fr

Année 
académique

2022/2023

 

Figure 7. Context-Guided Visualization using Morphological Archetypes. (A) A maximum z-projected example stack with colors highlighting different

conceptual archetypes in the pLLP that have been manually annotated. (B) A low-dimensional archetype space resulting from a PCA of the SVC

prediction probabilities (with the SVC having been trained on CFOR shape features). Cells are placed according to how similar they are to each

archetype, with those at the corners of the tetrahedron belonging strictly to the corresponding archetype and those in between exhibiting an

Figure 7 continued on next page
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Single cell Motility: 3 general problems

          1.   Decoding the environment:  What is the nature of cues?
• Cells don’t move randomly but sense an external cue
• What is the nature of external cues? Diversity of cues
(chemical, mechanical, electric, light)
• Temporal vs spatial decoding

2

  
          2.   Processing the cue: Cell polarisation

• Symmetry breaking: converting external gradient into vectorial 
cell organisation

• Deterministic vs Stochastic processing
• Polarisation of a cell or a trajectory

          3.   Mechanical response: Principles of movement
• Depends on environment
• Force generation: Active processes: actin pushing forces, actin flow, 

actomyosin contractility
• Force transmission: Passive resistance: friction and adhesion
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• Force production: actin polymerization 
           — Brownian ratchet model
• Force transmission: actin retrograde flow and 

substrate adhesion
    — Clutch model (force dependent 
reinforcement)

• Membrane tension: 
  — limits force production at front
  — couples front and back of cell
  — can be tuned

in the membrane are faster than the typical timescales for
substantial membrane area changes (e.g., through endo- and
exocytosis). Thus, on the relatively short timescales (wmilli-
seconds) over which the mechanical balance between the
cytoskeletal forces and the cell membrane is achieved,
changes in cell area are negligible and hence do not have a
substantial effect on tension determination. Over longer time
scales, changes in cell surface area will be accompanied by
reorganization of the dynamic cytoskeleton which effectively
buffers the effect of membrane area changes on membrane
tension. This is clearly illustrated by our fusion experiments
(Figures 3 and 7), in which the lamellipodial actin network ex-
pands in response to the dramatic increase in membrane
area and cells resume normal movement without a significant
drop in membrane tension.

The measured tether forces in keratocytes (Figure 1C) are
significantly higher than those measured in other adherent
cell types, ranging from FT w7 pN in fibroblasts [5] to
w30 pN in endothelial cells [26] and melanoma cells [14]. We
suspect that the higher membrane tension values in kerato-
cytes are mainly due to the larger contribution of the in-plane
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Figure 7. The Lamellipodial Actin Network
Expands in Response to an Increase in Cell
Membrane Area

(A) Fluorescence images of a fused cell and a con-
trol cell after fixation and staining with fluores-
cent phalloidin are shown. The lamellipodium is
broader in fused cells compared to control cells,
but the actin organization is similar.
(B and C) Bar graphs (mean 6 SEM) of the
average actin network density near the center of
the leading edge (B) and the total actin network
density integrated over the entire cell (C) in popu-
lations of fused cells and control cells which were
fixed and stained as in (A). The density of the
lamellipodial actin network is similar in fused cells
and control cells (p > 0.1), whereas the total
amount of filamentous actin is significantly higher
in fused cells (p < 1025).
(d) Phase-contrast images from a movie demon-
strating the lamellipodial instabilities observed
in fused cells. Time from the first image (which
wasw15 min after fusion) is indicated. The insta-
bilities often lead to fragmentation and detach-
ment of lamellipodial fragments as shown.
(E) Phase-contrast images from a movie of a cell
whose projected area increased by >70% upon
GUV fusion. Images before and after fusion are
depicted, and the time after fusion is indicated.
After fusion, the cell is unable to support a stable
lamellipodium, and cell movement is significantly
hampered (see also Movie S4).
(F) Schematic illustration of the force balance
between cytoskeletal forces and the cell mem-
brane. At the leading edge, the forces generated
by actin polymerization are balanced by the load
imposed by the tensed membrane, whereas at
the rear, membrane tension assists in retraction
of the trailing edge. Membrane tension is primar-
ily determined by this mechanical force balance.
See also Figure S6 and Movie S4.

tension and the lack of substantial mem-
brane reservoirs (Figure S1). In slower-
moving cells, like fibroblasts, the in-
plane tension is probably much lower,
so the dynamic coupling between the

cortex and the membrane through membrane-cytoskeleton
adhesion [39] likely accounts for a larger fraction of the
membrane tension [14] and can have a substantial influence
on membrane tension determination [1].
The load imposed by the membrane on the actin network

can be estimated from our membrane tension measurements.
The average load imposed per unit length of the leading edge
is equal to 2T, since the membrane exerts a pulling force equal
to T on both the dorsal and the ventral surface. Using a typical
value for the actin filament density at the edge of protruding
lamellipodia (w200 filaments/mm) [38, 40], we estimate the
load force per filament to be w3 pN per filament. Thus, the
force imposed by the membrane load amounts to a consider-
able fraction of the stall force. This conclusion is consistent
with in vivo measurements of the force required to stall protru-
sion of the lamellipodial actin network obtained by placing an
obstacle in front of motile keratocytes [41].
Overall, our experiments, together with other recent works

[6–8, 12], highlight the unique role of membrane tension as a
physical variable that regulates and coordinates cellular
dynamics. In particular, signal transmission through the

Membrane Tension Determined by Cytoskeletal Forces
1415

membrane tension

actin retrograde flow
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Crawling on a substrate (2D)
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J. Phys.: Condens. Matter 27 (2015) 273103 Topical Review
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Figure 4. Scheme of how migration speed could depend on membrane tension. In the hypothetical situation where membrane tension can
be changed without changing other cellular properties (actin/myosin activity, adhesion. . . ), we expect the following curve. At low
membrane tensions, speeds are sub-optimal because the cell is not well polarized and its lamellipodium is not streamlined in the direction of
movement. Increasing tension rectifies these problems to reach an optimal speed. However further increases in membrane tension could be
expected to reduce speed due to inhibition of polymerization and/or increase in retrograde flow (zooms).

both cases it is observed that cells are more streamlined in the
direction of movement in higher membrane tension conditions.
It is hypothesized that membrane tension helps organize
protrusive forces by either inhibiting spurious protrusion away
from the leading edge, or by causing protrusions to coalesce
and work together, thus improving cell polarization (figure 3).
Coalescence could be driven by the reduction in membrane
deformation energy of combining two independent protrusions
to one, illustrated by estimating the coalescence energy of
actin-filled membrane protrusions. The energy of a single
cylindrical protrusion of length Lf and radius rf much larger
than the natural radius of an empty membrane tether is on
the order of Ef(rf) ≈ 2πrfσmemLf ≈ 104kBT (for σmem =
100 pN µm−1, Lf = 1 µm and rf = 100 nm). The energy
gain when two such protrusions coalesce into a single one of
identical volume, containing the same number of filaments, is
thus quite large: #Ef = −

(
2 −

√
2
)

Ef ≈ −104kBT . Of
course this energy estimate does not consider other factors,
such as membrane anchoring to the cytoskeleton cortex,
which could make coalescence less favorable. It does show
however that membrane tension may play an important role in
organizing cellular protrusions.

In keeping with the idea that membrane tension can
drive coalescence of protrusions and thus enhance motility,
when large amounts of membrane (cell area increases of
over 70%) are delivered to moving keratocytes by liposome
fusion experiments, movement is significantly hampered by the
formation of multiple lamellipodia [27]. Multiple lamellipodia
are also observed in low membrane tension conditions
in protruding fibroblasts [37]. In other circumstances,
where a keratocyte lamellipodium splits into two lobes upon
encountering an obstacle (an atomic force microscopy tip),
one of the two lobes eventually shrinks and reincorporates
with the main cellular protrusion in a way suggesting an

abrupt, mechanically induced slippage possibly triggered by
an increase in membrane tension [47].

So overall it seems that for many different cell types
and using varied manipulations, high membrane tension is
associated with an organized lamellipodia, a single coherent
structure with an unvarying polarity. Interestingly in the World
Cell Race where the migration of multiple cell types along thin
adhesive lines was examined, rapid movement was consistently
associated with cells that did not switch direction [72]. Fast
cells that lost polarity and moved in the opposite direction
were not observed, meaning that high speeds and polarity
maintenance are correlated. We can qualitatively understand
why increased polarity gives increased speeds on the single
filament level: a filament that is growing at some angle in
relation to the direction of movement only contributes to
forward motion by its projection onto the axis of movement
vr = cosθvp, where vp is the polymerization speed [29]. It is
less clear how membrane tension suppresses lateral protrusions
and favors the main protrusion. One way of thinking about this
is by treating the membrane tension as the load that is shared
by the actin filaments that grow up against it. The force per
filament is therefore inversely proportional to the local network
density (see section 3.2), so in regions of higher filament
density, like the leading edge of a cell, the impediment posed
by membrane tension to filament growth is less than in sparser,
lateral regions of the lamellipodium [12, 73]. The lateral
regions are suppressed and the main protrusion is favored. This
is also what is hypothesized to define the shape of the back of
the cell [74].

In the preceding, we have considered that the
lamellipodium is a flat, essentially two-dimensional structure.
However the geometry of the cell leading edge membrane
may also be important, not just its tension. When treated via
classical hypo-osmotic shock to increase membrane tension,

10

speed

membrane tension

Adhesion

3B–3E, note in Figure S3 legend), further suggesting an
increased level of contractility. Unexpectedly, a fraction of these
rounded NHDF cells could polarize and move fast with an amoe-
boid-like morphology (Movie S2; phenotype A in Figures 3B–3E).
Further quantification of the migration of spread cells (pheno-

type C or E) showed that confinement always reduced the
instantaneous speed of such cells (Figure 3E), but did not signif-
icantly change their persistence (Figure S3B). Cells that were
more rounded did not move, except for a sub-fraction of cells
that spontaneously polarized (phenotype A). These cells showed

amuch higher diffusion coefficient (up to ten times higher), which
was not observed under conditions of strong adhesion orwithout
confinement. The high diffusion coefficient of cells showing an
amoeboid-like behavior could be attributed to both an increase
in instantaneous speed and an increase in persistence. This is
reminiscent of the behavior of leukocytes, such as dendritic
cells, which are known to migrate fast and independently of spe-
cific integrin-based adhesion (Lämmermann et al., 2008; Läm-
mermann and Sixt, 2009; Hawkins et al., 2009; Heuzé et al.,
2013).

A

B

D

F G H

C
E

Figure 2. Migration Behavior of NHDF Cells on Surfaces of Various Adhesive Levels
(A) Representative phase contrast images of NHDF cells on surfaces containing various RGD densities.

(B and C) Quantification of the number of attached cells per mm2 (B) and their spreading areas (C) for various RGD densities (nR 20 cells, NR 2 experiments for

each point on the graph).

(D) Representative trajectories of 60 cells recorded over 24 hr for various RGD densities. The starting positions of each cell were registered to the center of the plot.

(E) Schematic explaining measurements of cell displacement D(t), mean instantaneous speed (S), and persistence (P) of cells (see Supplemental Information).

(F–H)Graphs showing diffusion coefficient (F), mean instantaneous speed (G), and persistence time (H) of NHDF cells for various RGD densities (n > 100 cells for

each point on the graph). In (A)–(H), % corresponds to the percentage of pLL-PEG-RGD in both pLL-PEG and pLL-PEG-RGD solution, error bars indicate SEM,

and scale bars represent 100 mm.

See also Figure S2 and Movie S1.

Cell 160, 659–672, February 12, 2015 ª2015 Elsevier Inc. 661

YJ. Liu et al, R. Voituriez and M. Piel Cell 160, 659–672 (2015)

P. DiMilla et al. and D. Lauffenburger JCB 122: 729-737 (1993)

P. Sens and J. Plastino. J. Phys.: Condens. Matter 27 (2015) 273103

• Feedback regulation:
• Excess membrane tension and adhesion inhibit motility (negative feedback)
• Mechanical adaptation via feedbacks - impact on environment sensing
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Figure 2 A minimum friction is required for cortical flow-driven migration of
non-adherent Walker cells. (a) F-actin (Lifeact) and myosin (MRLC) gradients
in Walker cells, imaged in the middle cross-section of the cell (left) and
within the plane of the actomyosin cortex close to the channel wall (right).
Scale bars, 10 µm. (b) Time-lapse images of migrating Walker cells in
microchannels with different frictions. The cell–substrate friction coefficient
α was measured for the 3 different channel coatings (BSA, F127 and
BSA/F127-mix) by applying a pressure to the channel entry and measuring the

velocity of non-polarized cells (mean ± s.e.m., see Supplementary Fig. 2 and
Methods for details). Dynamics of the actomyosin cortex in a confocal section
at the cell surface were visualized with MRLC–GFP. Coloured circles highlight
the dynamics of individual myosin foci. Scale bars, 10 µm. (c) Kymographs
showing the dynamics of the cortex along the long axis of the cell. Scale bars,
horizontal: 10 µm, vertical: 50 s. (d) Summary of the observed cell behaviours
and actomyosin cortex dynamics depending on the friction between the cell
and the channel walls.

based adhesions17. In the absence of adhesions, nonspecific transient
interactions between transmembrane proteins and the substratemight
generate friction, transmitting flows into cell movement, as suggested
by theoretical studies11. To test this hypothesis, we modified the
coating of the channel walls to decrease friction-based coupling. We
passivated the channel walls with Pluronic F127, an analogue of
polyethylene glycol (PEG), which has been suggested to provide low-

friction substrates19. We directly measured friction coefficients on
single, unpolarized cells using a microfluidic chip and confirmed that
this coating resulted in a very low-friction environment compared
with BSA coating (Supplementary Fig. 2 and Supplementary Video 7).
In the low-friction F127-coated channels, Walker cells adopted the
same polarized morphology as in the high-friction BSA-coated
channels but were unable to migrate (Supplementary Video 8).

526 NATURE CELL BIOLOGY VOLUME 17 | NUMBER 4 | APRIL 2015

Motility in confinement (3D)

• Actin retrograde flow
• Gradient of cell contractility
• Feedback mechanism amplifies polarity and sustains motility
• Friction mediates adhesion independent motility



intercalate into structural features of the substrate (Tozluo!glu
et al., 2013). Due to the difficulty of direct mechanical measure-
ments on cells within 3D environments, it is not easy to unambig-
uously identify which specific force-generation mechanism is
used by cells migrating in vivo. Nonetheless, quantitative studies
in confined environments in vitro should help identify key regula-
tors of force generation on non-adhesive substrates, allowing for
the investigation of the role of these regulators during migration
in specific environments in vivo.

Mechanical Differences between Adhesive and
Non-adhesive Migration
Even though friction generation and focal adhesion formation
both rely on chemical interactions between the cell and the sub-
strate, these force-generation mechanisms are fundamentally
different in a number of ways (summarized in Table 1). First of
all, while adhesion-based migration functions both on 2D sub-
strates and in 3D confinement, friction-based migration is only
possible in 3D confinement (L€ammermann et al., 2008; Paluch
et al., 2016). This is due to differences in strength and duration
of the molecular bonds underlying cell-substrate interactions in
the twomigrationmodes. Indeed, for a cell tomaintain prolonged
contact with a 2D substrate, a requirement for efficient propelling
force generation, cell-substrate interactions must counteract
Brownian motion. Bonds between integrins and the extracellular
matrix within focal adhesions are sufficient to provide such sta-
ble attachment. Furthermore, individual integrin-ligand interac-
tions behave as catch-bonds, where bond lifetime is prolonged
by force (Kong et al., 2009), and the focal complexes further
strengthen in response to force due to clustering and cooperativ-
ity (Choquet et al., 1997; Galbraith et al., 2002; Riveline et al.,
2001). In contrast, during friction-based migration, individual
bonds are thought to be significantly weaker and shorter-lived.
This follows from observations that non-adhesive migration is
displayed by cells that, when placed on a 2D substrate, do not
maintain substrate contact and cannot migrate even when they
are polarized and form leading edge protrusions (Bergert et al.,
2015; L€ammermann et al., 2008). Placing cells in 3D confinement

counters Brownian motion and allows for the prolonged cell-
substrate contacts required for efficient force generation.
Intriguingly, Dictyostelium can migrate efficiently on 2D sub-
strates but does not appear to rely on specific adhesion
molecules (Loomis et al., 2012; Weber et al., 1995). Recent
studies suggest that non-specific van der Waals interactions
might be sufficient to maintain substrate attachment in Dictyos-
telium (Loomis et al., 2012). How exactly such interactions
generate sufficient forces to counteract Brownian motion, and
why non-specific interactions are not sufficient to maintain
surface contact in other cell types, is not well understood.
The differences in cell-substrate bonds lifetimes between

adhesion- and friction-based migration have important conse-
quences for how migration efficiency depends on substrate
interactions. Focal adhesions can outlive the dwell time of the
cell itself at a given location such that cell movement usually de-
pends on active disassembly of adhesions at the rear (Gupton
and Waterman-Storer, 2006). As a result, there is an optimal
adhesion strength for cell migration, where too strong adhesions
stall actomyosin flow and therefore migration (Gardel et al.,
2010; Gupton and Waterman-Storer, 2006). In contrast, during
friction-driven migration, cell-substrate interactions are very
transient (Hawkins et al., 2011) and do not appear to interfere
with retraction of the cell rear, as evidenced by a minimal trac-
tion-force requirement that is only just sufficient to resist the
external drag force of the surrounding medium (Bergert et al.,
2015). As a result, experimental evidence and theoretical
modeling suggest that increasing friction leads to a plateau of
migration speed, and no slowing down is expected even at
very high friction (Bergert et al., 2015).
Another important difference between the two migration

modes is the spatial distribution of the traction forces. During ad-
hesive migration, forces exerted by focal adhesion are distrib-
uted such that they exert a negative force dipole (i.e., from the
periphery toward the cell center), effectively pulling themselves
forward and contracting the underlying substrate (Schwarz and
Safran, 2013). In contrast, during non-adhesive migration,
several studies suggest that the force dipole is positive (i.e.,

Table 1. Comparison of Key Features of Focal-Adhesion-Based and Focal-Adhesion-Independent Cell Migration

Migration Mode Adhesive Non-adhesive

Protrusion type Usually lamellipodia Usually blebs

Propelling force generation Filament extension/actin flow Cortex flow

Force transmission Focal adhesion Friction, protrusion intercalations, etc.

Substrate interaction Specific Non-specific

Duration of cell-substrate interactions Longer than dwell time Shorter than dwell time

Speed-substrate interaction strength relationship Bell curve Plateau

Environment 2D surfaces and 3D environments 3D confinement

Migration speeda !0.1–1 mm/min !1–10 mm/min

Stresses exerted on substrateb !102 – 105 Pa <1Pa

Actin flow profile Mainly in lamellipodium At the cortex all along the cell body,

max velocity in cell center

Force dipole Contractile Expansile
aFor adhesive migration, Liu et al. (2015) and Maiuri et al. (2012); non-adhesive migration, Liu et al. (2015).
bFor adhesive migration, Balaban et al. (2001), Dembo andWang (1999), Galbraith and Sheetz (1997), and Legant et al. (2010); non-adhesivemigration,

Bergert et al. (2015).

Developmental Cell 52, March 9, 2020 557

Developmental Cell

Review
Comparison of adhesion and adhesion-free motility

• Friction-based migration is only possible in 3D confinement (unlike adhesion based motility)

• For 2D substrate motility, the strength and duration of molecular bonds must be strong 
enough to counteract Brownian motion ( see catch bond and mechanical amplification 
mechanisms at Integrin foci)

• In 3D, confinement prolongs the contacts of weak molecular interactions and multiply 
them over the entire cell surface 

• Cell substrate interactions shorter than cell dwell time in non-adhesive motility, but it is longer 
than cell dwell time in adhesive motility (thus requiring de-adhesion mechanisms). In non-
adhesive motion, friction does not interfere with cell retraction. 

• Therefore, increasing friction does not lead to a plateau of migration speed, and no 
slowing down is expected even at very high friction.

Bodor et al. and E. Paluch. Developmental Cell. 52: 550-562 (2020)
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at the bottom planes of clusters showed similar results (fig. S6, C and D). 
Because it is still experimentally challenging to measure forces asso-
ciated with the retrograde/propulsive events, we used the amplitude 
of myosin flow or nuclei speed fluctuations at the contact with the 
channels walls as a proxy. To quantify them, their velocities in the 
cluster reference frame were centered around zero, i.e., their algebraic 
temporal mean was subtracted. We found that fluctuations of myo-
sin flows at the cortex closely correlated with fluctuations of nuclei 
displacements observed in lateral cells (first layer in contact with 
the substrate) but also throughout the cluster, with more movement 
in fast moving clusters (Fig. 6, B and C, and fig. S6B). The amplitude 
of these fluctuations, or jiggling, was positively correlated with cluster 

migration speed: The more myosin/nuclei speeds fluctuate, the faster 
the cluster (Fig. 6, B and D, and fig. S6, E and F, on movies with either 
short or long time intervals). The amplitude of fluctuations was only 
correlated to movement in clusters migrating more than 2 mm/hour, 
indicating that jiggling is not by itself sufficient to drive migration 
(Fig. 6D and fig. S6, E and F). Polarization of the actomyosin cortex 
not only correlated with migration speed (as shown in Fig. 3, A to C, 
and fig. S6G) but also strongly correlated with persistence (Fig. 6E 
and fig. S6G). Together, these results suggest that polarization could 
harness jiggling to power persistent, directed migration. We then 
used theoretical physical modeling to determine whether these two 
minimal components are sufficient to power cluster migration.

Fig. 5. Focal adhesion–independent collective migration occurs without persistent retrograde flows. (A) Schematic representation of cell treadmilling (left) and 
translation of the whole cluster (right). (B) Representative tracks of nuclei in the cluster reference frame. Median section of a histone 2B (H2B)-RFP–expressing HT29-MTX 
cluster, migrating to the right in a PEG-coated microchannel over 11 hours. The image is the first time point. (C) Representative example of nuclei tracks in the lab refer-
ence frame. Median section of an H2B-RFP–expressing HT29-MTX cluster, migrating in a PEG-coated microchannel over 10 hours. Scale bar, 50 mm. (D) Superimposition 
of the maps of individual nuclei displacements for n = 22 clusters (from seven independent experiments). Nuclei are tracked in median sections of H2B-RFP–expressing 
HT29-MTX clusters migrating in PEG-coated microchannels (25 min to 11 hours). Blue boxes, lateral nuclei defined for further nuclei speeds analysis (15 mm thickness at 
the contact with the channel walls). (E) Frequency distribution of the x component of the mean velocity of every lateral nucleus. Same clusters as in (D). (F) Median section 
showing instantaneous myosin flow velocity vectors superimposed on the raw image and detected by particle image velocimetry (PIV) of a representative HT29-MTX 
cluster–expressing mTurquoise-MLC and migrating in a PEG-coated channel. Time point, T = 58 min. Blue boxes, contact zone defined for further myosin flows analysis 
(2 mm thickness at the contact with the channel walls). (G) PIV map of myosin flow velocity vectors of median sections of clusters, averaged over time (25 min to 7.4 hours) 
and clusters (n = 10 migrating clusters from four independent experiments). (H) Frequency of velocities (x component) of myosin flow velocity vectors at the contact 
obtained from PIV maps of median sections. Same clusters as in (G).
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 1 cell — L=30µm, U= 0.7µm.s-1

Retrograde flows 
(of myosin or cells) Translation

Supplementary Figure 4 

Figure S4. HT29-MTX use persistent myosin retrograde flows to migrate as single cells in confined 
non-adhesive environments. (A) Proportion of phenotypes displayed by single HT29-MTX cells under 

3 and 5µm confinement in PEG-coated microchannels. n=51 to 91 cells from 2 independent 

experiments. (B, C) Time-lapse sequence (B) and PIV heatmap in the lab reference frame of mean (over 

6 min 18 s) myosin flows at the bottom plane (C), color-coded in amplitude, and velocity vectors of an 

mTurquoise-MLC-expressing HT29-MTX single cell in a 3µm-high PEG-coated microchannel. In (B) 

a red circle follows a dot of myosin in the lab reference frame. (D) Maximum migration speed of single 

cells (n=12 cells from 3 independent experiments) and myosin flows in the lab reference frame (n=23 

myosin particles from 4 cells from 2 independent experiments) during migration in 3 µm-confining 

PEG-coated channels during 7 min to 37 min. Scale bars, 10 µm. 
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Nature of guidance cues

the Xenopus mesoderm during neurulation [33,34]. The stiffness gradient of the embryonic
Xenopus brain is also proposed to originate from changes in cell body density, whereby differen-
tial proliferation results in a cell density gradient along the axis [35].

An alternative possibility is that stiffness gradients are self-generated by the migratory cells
themselves. Cells are known to modify the mechanical properties of the extracellular matrix

TrendsTrends inin Cell BiologyCell Biology

Figure 3. Gradient Formation of Migratory Cues. (A) In chemotaxis, cells migrate (black arrow) up a gradient (light purple to dark purple) of soluble chemical cues
(circles). (B) Chemoattractant can be produced (purple arrows) by the migratory cells themselves (orange cell) or others (grey cells). The gradient is set up by diffusion
and actively modified by endocytosis and degradation (red arrow and red cross) after it binds to a receptor (green square). (C) In durotaxis, cells migrate up a gradient
of extracellular stiffness (spikes). (D) The best-understood mechanism of regulating stiffness is by modifying the extracellular matrix (black lines) such as deposition,
crosslinking, degradation, and orientation of fibres (red arrow from matrix to stiffness). Cell density can also contribute to the stiffness detected by a cell (red arrow from
grey cells to stiffness). Stiffness is mechanically probed via integrins (purple digits). (E) In haptotaxis, cells migrate up a gradient of cellular adhesions sites (matrix lines)
or substrate-bound cues (circles). (F) The mechanistic principles of shaping a haptotactic gradient are likely to be similar to the remodelling of the extracellular matrix
described in (D), and to the formation of the chemokine gradient described in B. (G) In galvanotaxis, cells migrate in response to an electric field. Come cells migrate
toward the cathode whereas others migrate toward the anode. (H) Tissues normally have a transepithelial potential generated by the flow of different ions (thin black
arrows) through channels (green ovals) and pumps (cyan star). Wounding (green rectangle) results in ion leakage and the formation of an electric field (purple circuit)
from the tissue to the wound opening that triggers migration.

Trends in Cell Biology

Trends in Cell Biology, November 2020, Vol. 30, No. 11 857

— Chemotaxis

0123456789();: 

breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) (FIG. 1b). For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 
posterior lateral line primordium26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the Drosophila melanogaster wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for Dictyostelium discoideum 
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
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migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows D. discoideum and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Filopodia
Finger- like protrusions that 
contain bundles of linear 
F- actin. Filopodia serve to 
probe local environmental 
cues, provide directionality  
and maintain persistence  
of migrating cells.

Stress fibres
Contractile arrays of actin  
and non- muscle myosin II  
that are mechanically coupled 
to the substrate through 
integrin- based focal adhesions.

Table 1 | The four pillars of directed cell migration

Migration 
mode
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released from 
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Regulated removal 
by degradation of the 
chemoattractant or decoy 
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vesicles

GPCRs

RTKs
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PI3K

TORC2
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MAPK/ERK

Leading- edge 
protrusions (all types)

Localized regulation 
of non- muscle myosin 
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Haptotaxis Substrate- bound 
chemical cues such 
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ECM secretion and 
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Binding of soluble factors 
to a substrate (mostly 
ECM)

Exposing new sites on 
the substrate through 
enzymatic action

For ECM, integrins, 
but different adhesion 
structure impacts 
signalling outcome

For substrate- bound 
chemokines, regular 
receptors, but signalling 
kinetics may be different 
for different receptor–
ligand pairs

Classical integrin signalling 
pathways: Rho- family 
GTPases, FAK–Src, etc.

Bound chemokine: 
probably same as diffusible 
cue

Biased protrusion 
generation through 
a positive- feedback 
loop. Requires the 
Arp2/3 complex
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Passive: creating a stiff 
substrate by crosslinking 
of ECM components or 
ECM deposition

Active: cells or tissues 
exerting a force on the 
substrate that is sensed  
by other cells

Integrins

Membrane tension  
and/or invagination

Focal adhesion 
components

Actomyosin filaments

LINC complex

Unclear, but two 
mechanisms have 
been proposed: role of 
pure mechanics using 
actomyosin system 
or the involvement of 
mechanically triggered 
signalling events

Similar to other  
forms of migration  
but biased relative  
to stiffness gradient

Topotaxis Geometric 
properties of the 
migration substrate 
irrespective of 
mechanical or 
chemical properties

Preformed tunnels 
created by other cells

Trails created by 
proteolytic ECM 
remodelling

Topological features 
created by non- lytic ECM 
deformation

1D fibrils such as bundles 
of collagen

Topology of natural tissue 
elements

Cells adhere and conform 
to the topology and/or  
the geometry of the 
migration substrate with 
the help of focal adhesion 
components

Membrane curvature-  
sensing proteins

Nucleus deformation

Cell and nuclear shape 
change may affect 
both signalling and the 
cytoskeleton but the 
mechanisms remain 
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geometry biases 
force- generating 
mechanisms of actin 
polymerization 
and actomyosin 
contractility

Galvanotaxis Electric fields Ionic differences 
generated by 
transepithelial barriers 
such as in the skin, 
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Electrophoretic 
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surface proteins and 
lipids within the plane  
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Arp2/3 complex, actin- related protein 2/3 complex; ECM, extracellular matrix; FAK, focal adhesion kinase; GPCR, G protein- coupled receptor; LINC complex, 
linker of nucleoskeleton and cytoskeleton complex; PI3K, phosphoinositide 3- kinase; PLA2, phospholipase A2; RTK, receptor tyrosine kinase; TORC2, target of 
rapamycin complex 2.
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Carole Parent lab at the University of Michigan Life Sciences Institute.

Dictyostelium discoideum cells are attracted by 
cAMP released in a gradient from a pipette

cAMP gradient



Chemotaxis

10

1.  Biased random walk characterizes chemotaxis across scales 

2.  Two different mechanisms of gradient sensing:
• Spatial mechanism: comparison of chemoattractant concentration along cell length. 

This requires often (always?) self-generated gradients by depletion of activity. More 
robust and long range.

• Temporal mechanism: comparison of chemoattractant at different positions and 
requires memory. 

3.  Adaptation and memory manifest in different ways across scales
• Temporal gradient sensing in prokaryotes
• Persistence of motility in eukaryotes (eg. Coupling between polarity and 

mechanics)

Thomas LECUIT   2022-2023



Mechanical guidance

11

1. Substrate interactions in 2D and 3D are inherently 
mechanical

2. The stiffness, topography, etc of the environment can affect 
motility

3. Cells also decode the mechanical properties of their 
environment

Thomas LECUIT   2022-2023
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Strong adhesions
near the front of 
the cell pull the 
cell body forward

Actin polymerization
The addition of actin 
monomers to actin filaments; 
actin polymerization adjacent 
to the plasma membrane 
generates force that moves the 
plasma membrane forward. 
Many regulatory molecules can 
promote either the formation 
of new actin filaments or the 
extension of existing ones. 
If these regulators are 
associated with the plasma 
membrane, then actin 
polymerization occurs in a 
polarized manner.

Actomyosin contraction
Myosin motors can interact 
with actin filaments. Hydrolysis 
of ATP by myosin moves the 
actin filament relative to 
myosin. Many myosins are 
dimeric and can therefore 
move two actin filaments 
relative to one another. 
Actin filaments and dimeric 
myosins can form higher-order 
contractile networks.

The migration of cells moving on a two-dimensional 
(2D) surface is frequently dominated by branched arrays 
of polymerizing actin that push the plasma membrane 
forward in flat structures known as lamellipodia. These 
structures are dependent on the small GTPase RAC1 and 
the ARP2/3 actin nucleation comple x10,11. The geo metry 
of confined tubes or tunnels is not compatible with 
cell migration involving these flat structures. In these 
confined contexts, different cellular structures push 
the plasma membrane forward12–14: structures such as 
filopodia10, which have parallel actin filaments; complex 
3D arrays of actin filaments13; or membrane blebs driven 
by internal hydrostatic pressure15. Cells can also use ion 
pumps to drive an osmotic mode of propulsion when 
extreme confinement prevents the diffusion of ions from 
one side of the cell to the other in the extra cellular space16. 
Confinement of cells between two plana r surfaces is com-
patible with lamellipodia (at least in the context of agar 
studies17), but this context can change cell morphology 
and favours the formation of bleb-like protrusions14,17–19. 
Consistent with the reduced presence of lamellipodia 
on cells migrating in confined environments, there are 

many examples of cell migration having a decreased 
dependence on RAC1 and ARP2/3 in confined environ-
ments13,20–22. By contrast, the importance of actomyosin 
contractility increases in confined environments21. One 
potential explanation is that the antagonistic relation-
ship between contractility and adhesion is suppressed 
in confined environments. On a 2D surface, high lev-
els of contractile force might lead to the detachment of 
cell adhesions, and actomyosin contraction is therefore 
limited23. However, if a cell is confine d between two sur-
faces, then cell detachment is not possible, which enables 
higher levels of contractile force mediated by actomyosin 
to be tolerated even if adhesion to the substrate is low. 
These higher levels of actomyosin contractility can gener-
ate intracellular hydrostatic pressure that promotes for-
ward movement of the plasma membrane. Consistent 
with the reduced importance of adhesion, the require-
ment for cell–matrix adhesion m olecules is decreased in 
confined environments9.

These studies show that changes in confinement 
result in changes in cell migration. However, they do 
not provide a mechanistic explanation. Cell adhesions 

Figure 1 | Physical variables influencing cell migration.  The figure highlights the four physical variables (rigidity, 
confinement, adhesion and topology) that have major effects on cell migration. a | Rigidity. Soft matrices can be deformed 
by cells as they move. This can enable cell invasion but reduces the activation of mechanoresponsive signalling pathways. 
b | Confinement. High levels of confinement prevent cell detachment and enable migration with low levels of adhesion to 
the substrate. Confinement can also modify the type of protrusion used by preventing the lateral expansion of 
lamellipodia and/or increasing hydrostatic pressure. c | Adhesion. If cells adhere to the substrate through 
mechanoresponsive molecular complexes, such as integrinmediated adhesions, they can sense matrix rigidity and 
locally and rapidly adapt to varying forces exerted at the cell–substrate interface. d | Topology. Continuous surfaces 
enable ongoing positive feedback between adhesion and actin polymerization, thereby favouring lamellipodia. 1D, 
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dimeric and can therefore 
move two actin filaments 
relative to one another. 
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The migration of cells moving on a two-dimensional 
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of polymerizing actin that push the plasma membrane 
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structures are dependent on the small GTPase RAC1 and 
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filopodia10, which have parallel actin filaments; complex 
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by internal hydrostatic pressure15. Cells can also use ion 
pumps to drive an osmotic mode of propulsion when 
extreme confinement prevents the diffusion of ions from 
one side of the cell to the other in the extra cellular space16. 
Confinement of cells between two plana r surfaces is com-
patible with lamellipodia (at least in the context of agar 
studies17), but this context can change cell morphology 
and favours the formation of bleb-like protrusions14,17–19. 
Consistent with the reduced presence of lamellipodia 
on cells migrating in confined environments, there are 

many examples of cell migration having a decreased 
dependence on RAC1 and ARP2/3 in confined environ-
ments13,20–22. By contrast, the importance of actomyosin 
contractility increases in confined environments21. One 
potential explanation is that the antagonistic relation-
ship between contractility and adhesion is suppressed 
in confined environments. On a 2D surface, high lev-
els of contractile force might lead to the detachment of 
cell adhesions, and actomyosin contraction is therefore 
limited23. However, if a cell is confine d between two sur-
faces, then cell detachment is not possible, which enables 
higher levels of contractile force mediated by actomyosin 
to be tolerated even if adhesion to the substrate is low. 
These higher levels of actomyosin contractility can gener-
ate intracellular hydrostatic pressure that promotes for-
ward movement of the plasma membrane. Consistent 
with the reduced importance of adhesion, the require-
ment for cell–matrix adhesion m olecules is decreased in 
confined environments9.

These studies show that changes in confinement 
result in changes in cell migration. However, they do 
not provide a mechanistic explanation. Cell adhesions 

Figure 1 | Physical variables influencing cell migration.  The figure highlights the four physical variables (rigidity, 
confinement, adhesion and topology) that have major effects on cell migration. a | Rigidity. Soft matrices can be deformed 
by cells as they move. This can enable cell invasion but reduces the activation of mechanoresponsive signalling pathways. 
b | Confinement. High levels of confinement prevent cell detachment and enable migration with low levels of adhesion to 
the substrate. Confinement can also modify the type of protrusion used by preventing the lateral expansion of 
lamellipodia and/or increasing hydrostatic pressure. c | Adhesion. If cells adhere to the substrate through 
mechanoresponsive molecular complexes, such as integrinmediated adhesions, they can sense matrix rigidity and 
locally and rapidly adapt to varying forces exerted at the cell–substrate interface. d | Topology. Continuous surfaces 
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dimeric and can therefore 
move two actin filaments 
relative to one another. 
Actin filaments and dimeric 
myosins can form higher-order 
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The migration of cells moving on a two-dimensional 
(2D) surface is frequently dominated by branched arrays 
of polymerizing actin that push the plasma membrane 
forward in flat structures known as lamellipodia. These 
structures are dependent on the small GTPase RAC1 and 
the ARP2/3 actin nucleation comple x10,11. The geo metry 
of confined tubes or tunnels is not compatible with 
cell migration involving these flat structures. In these 
confined contexts, different cellular structures push 
the plasma membrane forward12–14: structures such as 
filopodia10, which have parallel actin filaments; complex 
3D arrays of actin filaments13; or membrane blebs driven 
by internal hydrostatic pressure15. Cells can also use ion 
pumps to drive an osmotic mode of propulsion when 
extreme confinement prevents the diffusion of ions from 
one side of the cell to the other in the extra cellular space16. 
Confinement of cells between two plana r surfaces is com-
patible with lamellipodia (at least in the context of agar 
studies17), but this context can change cell morphology 
and favours the formation of bleb-like protrusions14,17–19. 
Consistent with the reduced presence of lamellipodia 
on cells migrating in confined environments, there are 

many examples of cell migration having a decreased 
dependence on RAC1 and ARP2/3 in confined environ-
ments13,20–22. By contrast, the importance of actomyosin 
contractility increases in confined environments21. One 
potential explanation is that the antagonistic relation-
ship between contractility and adhesion is suppressed 
in confined environments. On a 2D surface, high lev-
els of contractile force might lead to the detachment of 
cell adhesions, and actomyosin contraction is therefore 
limited23. However, if a cell is confine d between two sur-
faces, then cell detachment is not possible, which enables 
higher levels of contractile force mediated by actomyosin 
to be tolerated even if adhesion to the substrate is low. 
These higher levels of actomyosin contractility can gener-
ate intracellular hydrostatic pressure that promotes for-
ward movement of the plasma membrane. Consistent 
with the reduced importance of adhesion, the require-
ment for cell–matrix adhesion m olecules is decreased in 
confined environments9.

These studies show that changes in confinement 
result in changes in cell migration. However, they do 
not provide a mechanistic explanation. Cell adhesions 

Figure 1 | Physical variables influencing cell migration.  The figure highlights the four physical variables (rigidity, 
confinement, adhesion and topology) that have major effects on cell migration. a | Rigidity. Soft matrices can be deformed 
by cells as they move. This can enable cell invasion but reduces the activation of mechanoresponsive signalling pathways. 
b | Confinement. High levels of confinement prevent cell detachment and enable migration with low levels of adhesion to 
the substrate. Confinement can also modify the type of protrusion used by preventing the lateral expansion of 
lamellipodia and/or increasing hydrostatic pressure. c | Adhesion. If cells adhere to the substrate through 
mechanoresponsive molecular complexes, such as integrinmediated adhesions, they can sense matrix rigidity and 
locally and rapidly adapt to varying forces exerted at the cell–substrate interface. d | Topology. Continuous surfaces 
enable ongoing positive feedback between adhesion and actin polymerization, thereby favouring lamellipodia. 1D, 
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by cells as they move. This can enable cell invasion but reduces the activation of mechanoresponsive signalling pathways. 
b | Confinement. High levels of confinement prevent cell detachment and enable migration with low levels of adhesion to 
the substrate. Confinement can also modify the type of protrusion used by preventing the lateral expansion of 
lamellipodia and/or increasing hydrostatic pressure. c | Adhesion. If cells adhere to the substrate through 
mechanoresponsive molecular complexes, such as integrinmediated adhesions, they can sense matrix rigidity and 
locally and rapidly adapt to varying forces exerted at the cell–substrate interface. d | Topology. Continuous surfaces 
enable ongoing positive feedback between adhesion and actin polymerization, thereby favouring lamellipodia. 1D, 
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the Xenopus mesoderm during neurulation [33,34]. The stiffness gradient of the embryonic
Xenopus brain is also proposed to originate from changes in cell body density, whereby differen-
tial proliferation results in a cell density gradient along the axis [35].

An alternative possibility is that stiffness gradients are self-generated by the migratory cells
themselves. Cells are known to modify the mechanical properties of the extracellular matrix

TrendsTrends inin Cell BiologyCell Biology

Figure 3. Gradient Formation of Migratory Cues. (A) In chemotaxis, cells migrate (black arrow) up a gradient (light purple to dark purple) of soluble chemical cues
(circles). (B) Chemoattractant can be produced (purple arrows) by the migratory cells themselves (orange cell) or others (grey cells). The gradient is set up by diffusion
and actively modified by endocytosis and degradation (red arrow and red cross) after it binds to a receptor (green square). (C) In durotaxis, cells migrate up a gradient
of extracellular stiffness (spikes). (D) The best-understood mechanism of regulating stiffness is by modifying the extracellular matrix (black lines) such as deposition,
crosslinking, degradation, and orientation of fibres (red arrow from matrix to stiffness). Cell density can also contribute to the stiffness detected by a cell (red arrow from
grey cells to stiffness). Stiffness is mechanically probed via integrins (purple digits). (E) In haptotaxis, cells migrate up a gradient of cellular adhesions sites (matrix lines)
or substrate-bound cues (circles). (F) The mechanistic principles of shaping a haptotactic gradient are likely to be similar to the remodelling of the extracellular matrix
described in (D), and to the formation of the chemokine gradient described in B. (G) In galvanotaxis, cells migrate in response to an electric field. Come cells migrate
toward the cathode whereas others migrate toward the anode. (H) Tissues normally have a transepithelial potential generated by the flow of different ions (thin black
arrows) through channels (green ovals) and pumps (cyan star). Wounding (green rectangle) results in ion leakage and the formation of an electric field (purple circuit)
from the tissue to the wound opening that triggers migration.
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breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) (FIG. 1b). For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 
posterior lateral line primordium26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the Drosophila melanogaster wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for Dictyostelium discoideum 
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows D. discoideum and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Filopodia
Finger- like protrusions that 
contain bundles of linear 
F- actin. Filopodia serve to 
probe local environmental 
cues, provide directionality  
and maintain persistence  
of migrating cells.

Stress fibres
Contractile arrays of actin  
and non- muscle myosin II  
that are mechanically coupled 
to the substrate through 
integrin- based focal adhesions.

Table 1 | The four pillars of directed cell migration

Migration 
mode

Cue Signal generation Signal sensing Signal transmission Signal execution

Chemotaxis Diffusible chemical 
released from 
cells or deposited 
extracellular vesicles

Simple diffusion

Regulated removal 
by degradation of the 
chemoattractant or decoy 
receptors

Release of extracellular 
vesicles

GPCRs

RTKs

Other receptors, such as 
axon guidance receptors

Classical signalling 
pathways involving small 
and large G proteins

PI3K

TORC2

PLA2

MAPK/ERK

Leading- edge 
protrusions (all types)

Localized regulation 
of non- muscle myosin 
II and contractility

Haptotaxis Substrate- bound 
chemical cues such 
as an immobilized 
chemokine or ECM

ECM secretion and 
deposition

Binding of soluble factors 
to a substrate (mostly 
ECM)

Exposing new sites on 
the substrate through 
enzymatic action

For ECM, integrins, 
but different adhesion 
structure impacts 
signalling outcome

For substrate- bound 
chemokines, regular 
receptors, but signalling 
kinetics may be different 
for different receptor–
ligand pairs

Classical integrin signalling 
pathways: Rho- family 
GTPases, FAK–Src, etc.

Bound chemokine: 
probably same as diffusible 
cue

Biased protrusion 
generation through 
a positive- feedback 
loop. Requires the 
Arp2/3 complex

Durotaxis Differential substrate 
compliance

Passive: creating a stiff 
substrate by crosslinking 
of ECM components or 
ECM deposition

Active: cells or tissues 
exerting a force on the 
substrate that is sensed  
by other cells

Integrins

Membrane tension  
and/or invagination

Focal adhesion 
components

Actomyosin filaments

LINC complex

Unclear, but two 
mechanisms have 
been proposed: role of 
pure mechanics using 
actomyosin system 
or the involvement of 
mechanically triggered 
signalling events

Similar to other  
forms of migration  
but biased relative  
to stiffness gradient

Topotaxis Geometric 
properties of the 
migration substrate 
irrespective of 
mechanical or 
chemical properties

Preformed tunnels 
created by other cells

Trails created by 
proteolytic ECM 
remodelling

Topological features 
created by non- lytic ECM 
deformation

1D fibrils such as bundles 
of collagen

Topology of natural tissue 
elements

Cells adhere and conform 
to the topology and/or  
the geometry of the 
migration substrate with 
the help of focal adhesion 
components

Membrane curvature-  
sensing proteins

Nucleus deformation

Cell and nuclear shape 
change may affect 
both signalling and the 
cytoskeleton but the 
mechanisms remain 
unclear

Topology/
geometry biases 
force- generating 
mechanisms of actin 
polymerization 
and actomyosin 
contractility

Galvanotaxis Electric fields Ionic differences 
generated by 
transepithelial barriers 
such as in the skin, 
disrupted by wounding

Electrophoretic 
movement of charged 
surface proteins and 
lipids within the plane  
of the membrane

Clustering of membrane 
proteins/lipids must 
activate signalling, but 
the mechanisms remain 
unclear

Similar to chemotaxis 
but biased relative to 
charge

Arp2/3 complex, actin- related protein 2/3 complex; ECM, extracellular matrix; FAK, focal adhesion kinase; GPCR, G protein- coupled receptor; LINC complex, 
linker of nucleoskeleton and cytoskeleton complex; PI3K, phosphoinositide 3- kinase; PLA2, phospholipase A2; RTK, receptor tyrosine kinase; TORC2, target of 
rapamycin complex 2.
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breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) (FIG. 1b). For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 
posterior lateral line primordium26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the Drosophila melanogaster wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for Dictyostelium discoideum 
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows D. discoideum and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Filopodia
Finger- like protrusions that 
contain bundles of linear 
F- actin. Filopodia serve to 
probe local environmental 
cues, provide directionality  
and maintain persistence  
of migrating cells.

Stress fibres
Contractile arrays of actin  
and non- muscle myosin II  
that are mechanically coupled 
to the substrate through 
integrin- based focal adhesions.

Table 1 | The four pillars of directed cell migration

Migration 
mode

Cue Signal generation Signal sensing Signal transmission Signal execution

Chemotaxis Diffusible chemical 
released from 
cells or deposited 
extracellular vesicles

Simple diffusion

Regulated removal 
by degradation of the 
chemoattractant or decoy 
receptors

Release of extracellular 
vesicles

GPCRs

RTKs

Other receptors, such as 
axon guidance receptors

Classical signalling 
pathways involving small 
and large G proteins

PI3K

TORC2

PLA2

MAPK/ERK

Leading- edge 
protrusions (all types)

Localized regulation 
of non- muscle myosin 
II and contractility

Haptotaxis Substrate- bound 
chemical cues such 
as an immobilized 
chemokine or ECM

ECM secretion and 
deposition

Binding of soluble factors 
to a substrate (mostly 
ECM)

Exposing new sites on 
the substrate through 
enzymatic action

For ECM, integrins, 
but different adhesion 
structure impacts 
signalling outcome

For substrate- bound 
chemokines, regular 
receptors, but signalling 
kinetics may be different 
for different receptor–
ligand pairs

Classical integrin signalling 
pathways: Rho- family 
GTPases, FAK–Src, etc.

Bound chemokine: 
probably same as diffusible 
cue

Biased protrusion 
generation through 
a positive- feedback 
loop. Requires the 
Arp2/3 complex

Durotaxis Differential substrate 
compliance

Passive: creating a stiff 
substrate by crosslinking 
of ECM components or 
ECM deposition

Active: cells or tissues 
exerting a force on the 
substrate that is sensed  
by other cells

Integrins

Membrane tension  
and/or invagination

Focal adhesion 
components

Actomyosin filaments

LINC complex

Unclear, but two 
mechanisms have 
been proposed: role of 
pure mechanics using 
actomyosin system 
or the involvement of 
mechanically triggered 
signalling events

Similar to other  
forms of migration  
but biased relative  
to stiffness gradient

Topotaxis Geometric 
properties of the 
migration substrate 
irrespective of 
mechanical or 
chemical properties

Preformed tunnels 
created by other cells

Trails created by 
proteolytic ECM 
remodelling

Topological features 
created by non- lytic ECM 
deformation

1D fibrils such as bundles 
of collagen

Topology of natural tissue 
elements

Cells adhere and conform 
to the topology and/or  
the geometry of the 
migration substrate with 
the help of focal adhesion 
components

Membrane curvature-  
sensing proteins

Nucleus deformation

Cell and nuclear shape 
change may affect 
both signalling and the 
cytoskeleton but the 
mechanisms remain 
unclear

Topology/
geometry biases 
force- generating 
mechanisms of actin 
polymerization 
and actomyosin 
contractility

Galvanotaxis Electric fields Ionic differences 
generated by 
transepithelial barriers 
such as in the skin, 
disrupted by wounding

Electrophoretic 
movement of charged 
surface proteins and 
lipids within the plane  
of the membrane

Clustering of membrane 
proteins/lipids must 
activate signalling, but 
the mechanisms remain 
unclear

Similar to chemotaxis 
but biased relative to 
charge

Arp2/3 complex, actin- related protein 2/3 complex; ECM, extracellular matrix; FAK, focal adhesion kinase; GPCR, G protein- coupled receptor; LINC complex, 
linker of nucleoskeleton and cytoskeleton complex; PI3K, phosphoinositide 3- kinase; PLA2, phospholipase A2; RTK, receptor tyrosine kinase; TORC2, target of 
rapamycin complex 2.
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is dependent on attractant diffusibility, cell speed and 
path complexity31.

Gradients can be propagated by means other than 
simple diffusion32. For instance, morphogens have 
long been known to be secreted in precursor forms 

that harbour motifs that bind to extracellular matrix 
(ECM) components and can be later released by 
cell- mediated proteolysis of the ECM component33. 
Similarly, it has been shown that neutrophils migrat-
ing in 3D collagen matrices activate discoidin domain 
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Fig. 1 | Generating the signal. a | The diverse ways by which cues for directional migration are generated. During chemotaxis, 
soluble chemoattractants released from bacteria or cellular sources diffuse to form chemical gradients. During haptotaxis, 
extracellular matrix (ECM) proteins and chemokines released from cellular sources are deposited onto the ECM and 
generate gradients of immobilized chemical cues. In some cases, ECM- bound chemokines are released from the matrix  
by cellular proteolytic activities (scissors) and provide soluble cues for chemotaxis. During durotaxis, gradients of stiffness 
can be generated by lysyl oxidase (LOX)- mediated ECM crosslinking. During topotaxis, the geometry of the existing tissue 
structures, aligned fibres or tracks generated by proteolytic remodelling (via matrix metalloproteinases (MMPs), scissors) 
or deformation provides directional signals. During galvanotaxis, electric fields generated at wounding sites as a result  
of the loss of transepithelial potential provide guidance cues for cells involved in damage repair. b | Cartoon explaining 
how stable gradients are generated and maintained during chemotaxis. Uniformly present soluble chemicals are either 
degraded by enzymes or scavenged (via endocytic internalization) by decoy receptors to establish a gradient (left).  
Cells release extracellular vesicles (EVs), such as exosomes carrying either identical (homotypic gradient) or distinct 
(heterotypic gradient) chemical cues, to generate a stable secondary gradient (right). GPCR, G protein- coupled receptor.

Substrate compliance
The mechanical resistance 
provided by non- rigid 
substrates (for example, 
collagen gels) to the contractile 
forces exerted by cells as they 
engage the substrate.

Complement
Complement proteins are 
products of the complement 
pathway generally activated  
as part of the innate immune 
response to infection. Some 
complement proteins, such as 
C5a, act as chemoattractants 
that guide leukocytes to sites 
of infection.
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breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) (FIG. 1b). For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 
posterior lateral line primordium26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the Drosophila melanogaster wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for Dictyostelium discoideum 
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows D. discoideum and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 

Filopodia
Finger- like protrusions that 
contain bundles of linear 
F- actin. Filopodia serve to 
probe local environmental 
cues, provide directionality  
and maintain persistence  
of migrating cells.

Stress fibres
Contractile arrays of actin  
and non- muscle myosin II  
that are mechanically coupled 
to the substrate through 
integrin- based focal adhesions.

Table 1 | The four pillars of directed cell migration

Migration 
mode

Cue Signal generation Signal sensing Signal transmission Signal execution

Chemotaxis Diffusible chemical 
released from 
cells or deposited 
extracellular vesicles

Simple diffusion

Regulated removal 
by degradation of the 
chemoattractant or decoy 
receptors

Release of extracellular 
vesicles

GPCRs

RTKs

Other receptors, such as 
axon guidance receptors

Classical signalling 
pathways involving small 
and large G proteins

PI3K

TORC2

PLA2

MAPK/ERK

Leading- edge 
protrusions (all types)

Localized regulation 
of non- muscle myosin 
II and contractility

Haptotaxis Substrate- bound 
chemical cues such 
as an immobilized 
chemokine or ECM

ECM secretion and 
deposition

Binding of soluble factors 
to a substrate (mostly 
ECM)

Exposing new sites on 
the substrate through 
enzymatic action

For ECM, integrins, 
but different adhesion 
structure impacts 
signalling outcome

For substrate- bound 
chemokines, regular 
receptors, but signalling 
kinetics may be different 
for different receptor–
ligand pairs

Classical integrin signalling 
pathways: Rho- family 
GTPases, FAK–Src, etc.

Bound chemokine: 
probably same as diffusible 
cue

Biased protrusion 
generation through 
a positive- feedback 
loop. Requires the 
Arp2/3 complex

Durotaxis Differential substrate 
compliance

Passive: creating a stiff 
substrate by crosslinking 
of ECM components or 
ECM deposition

Active: cells or tissues 
exerting a force on the 
substrate that is sensed  
by other cells

Integrins

Membrane tension  
and/or invagination

Focal adhesion 
components

Actomyosin filaments

LINC complex

Unclear, but two 
mechanisms have 
been proposed: role of 
pure mechanics using 
actomyosin system 
or the involvement of 
mechanically triggered 
signalling events

Similar to other  
forms of migration  
but biased relative  
to stiffness gradient

Topotaxis Geometric 
properties of the 
migration substrate 
irrespective of 
mechanical or 
chemical properties

Preformed tunnels 
created by other cells

Trails created by 
proteolytic ECM 
remodelling

Topological features 
created by non- lytic ECM 
deformation

1D fibrils such as bundles 
of collagen

Topology of natural tissue 
elements

Cells adhere and conform 
to the topology and/or  
the geometry of the 
migration substrate with 
the help of focal adhesion 
components

Membrane curvature-  
sensing proteins

Nucleus deformation

Cell and nuclear shape 
change may affect 
both signalling and the 
cytoskeleton but the 
mechanisms remain 
unclear

Topology/
geometry biases 
force- generating 
mechanisms of actin 
polymerization 
and actomyosin 
contractility

Galvanotaxis Electric fields Ionic differences 
generated by 
transepithelial barriers 
such as in the skin, 
disrupted by wounding

Electrophoretic 
movement of charged 
surface proteins and 
lipids within the plane  
of the membrane

Clustering of membrane 
proteins/lipids must 
activate signalling, but 
the mechanisms remain 
unclear

Similar to chemotaxis 
but biased relative to 
charge

Arp2/3 complex, actin- related protein 2/3 complex; ECM, extracellular matrix; FAK, focal adhesion kinase; GPCR, G protein- coupled receptor; LINC complex, 
linker of nucleoskeleton and cytoskeleton complex; PI3K, phosphoinositide 3- kinase; PLA2, phospholipase A2; RTK, receptor tyrosine kinase; TORC2, target of 
rapamycin complex 2.
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breakdown, and endocytosis of cell surface- bound 
chemoattractants via scavenger/decoy receptors that 
specifically remove their ligand without initiating cell 
polarity/migration signalling (reviewed in25) (FIG. 1b). For 
example, it was established that a negative- feedback loop 
between CXCL12 and its receptor CXCR7 is required to 
maintain optimal CXCL12 concentration in the zebrafish 
posterior lateral line primordium26. Using a clever synthetic 
approach, where GFP is used to generate diffusible gra-
dients, it was recently shown that combining the expres-
sion of non- signalling decoy receptors with receptors 
engineered to respond to GFP allows the synthetic GFP 
gradient to generate normal growth and patterning of 
the Drosophila melanogaster wing pouch27. In addition, 

self- generating gradients have recently been proposed 
as an alternative mechanism to generate chemical gradi-
ents. In this case, migrating cells would secrete enzymes 
that break down chemoattractants initially distributed 
uniformly — as observed for Dictyostelium discoideum 
cells migrating towards folic acid28, and melanoma and 
pancreatic cells responding to lysophosphatidic acid29,30. 
Such a mechanism can theoretically give rise to steep 
gradients that work over long distances and convoluted 
migratory pathways. Accordingly, with use of artificial 
complex environments and mathematical modelling, it 
was recently shown that the breakdown of attractants 
allows D. discoideum and pancreatic metastatic cell 
lines to navigate long, complex paths in a manner that 
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Finger- like protrusions that 
contain bundles of linear 
F- actin. Filopodia serve to 
probe local environmental 
cues, provide directionality  
and maintain persistence  
of migrating cells.

Stress fibres
Contractile arrays of actin  
and non- muscle myosin II  
that are mechanically coupled 
to the substrate through 
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ECM secretion and 
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Binding of soluble factors 
to a substrate (mostly 
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Exposing new sites on 
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enzymatic action
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but different adhesion 
structure impacts 
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for different receptor–
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Classical integrin signalling 
pathways: Rho- family 
GTPases, FAK–Src, etc.

Bound chemokine: 
probably same as diffusible 
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Biased protrusion 
generation through 
a positive- feedback 
loop. Requires the 
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Durotaxis Differential substrate 
compliance

Passive: creating a stiff 
substrate by crosslinking 
of ECM components or 
ECM deposition

Active: cells or tissues 
exerting a force on the 
substrate that is sensed  
by other cells

Integrins
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and/or invagination
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components
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LINC complex

Unclear, but two 
mechanisms have 
been proposed: role of 
pure mechanics using 
actomyosin system 
or the involvement of 
mechanically triggered 
signalling events

Similar to other  
forms of migration  
but biased relative  
to stiffness gradient

Topotaxis Geometric 
properties of the 
migration substrate 
irrespective of 
mechanical or 
chemical properties

Preformed tunnels 
created by other cells

Trails created by 
proteolytic ECM 
remodelling

Topological features 
created by non- lytic ECM 
deformation

1D fibrils such as bundles 
of collagen

Topology of natural tissue 
elements

Cells adhere and conform 
to the topology and/or  
the geometry of the 
migration substrate with 
the help of focal adhesion 
components

Membrane curvature-  
sensing proteins

Nucleus deformation

Cell and nuclear shape 
change may affect 
both signalling and the 
cytoskeleton but the 
mechanisms remain 
unclear

Topology/
geometry biases 
force- generating 
mechanisms of actin 
polymerization 
and actomyosin 
contractility

Galvanotaxis Electric fields Ionic differences 
generated by 
transepithelial barriers 
such as in the skin, 
disrupted by wounding

Electrophoretic 
movement of charged 
surface proteins and 
lipids within the plane  
of the membrane

Clustering of membrane 
proteins/lipids must 
activate signalling, but 
the mechanisms remain 
unclear

Similar to chemotaxis 
but biased relative to 
charge

Arp2/3 complex, actin- related protein 2/3 complex; ECM, extracellular matrix; FAK, focal adhesion kinase; GPCR, G protein- coupled receptor; LINC complex, 
linker of nucleoskeleton and cytoskeleton complex; PI3K, phosphoinositide 3- kinase; PLA2, phospholipase A2; RTK, receptor tyrosine kinase; TORC2, target of 
rapamycin complex 2.
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with chemotaxis, suggesting that distinct mechanisms control direction decisions in cells
depending on the nature of the guidance cue.

In summary, the pivotal role of actin andmyosin II contractility in deciphering guidance cues and
directing cell migration could help immune cells to prioritize the different cues and choose the
best path so that they can efficiently navigate from one tissue to another (Figure 3).

Concluding Remarks and Future Perspectives
Here we have presented multiple lines of evidence highlighting the essential role of the
actomyosin cytoskeleton in the cell-intrinsic migratory properties of immune cells as well as
in their ability to respond to the chemical and physical cues present in the environment. It
appears that different actin pools, which are generated by distinct actin nucleators and
detected at distinct subcellular locations, exist in immune cells. Remarkably, these various
actin pools are responsible for distinct cellular activities associated with cell migration. In DCs, T
cells, and neutrophils, the cortical actin pool localized toward the cell rear is nucleated by the
formin mDia1 and is responsible for forward movement in confinement. By contrast, the actin
pool localized at their front is nucleated by Arp2/3 and does not impact migration but rather
promotes cellular activities related to the individual functions of these cells: macropinocytosis in
immature DCs, phagocytosis in neutrophils, and immune synapse formation in T cells. Inter-
estingly, this pool of actin imposes on leukocytes an intermittent migration mode that might be
optimal for environment sampling. A third actin pool assembles around the nucleus of immature
DCs and T cells as a result of confinement. This actin cage is also nucleated by Arp2/3 and

Outstanding Questions
What are the respective contributions
of cell-intrinsic properties and environ-
ment constraints to migration patterns
exhibited by immune cells in vivo?

How do cells integrate distinct environ-
mental cues? Which cues (chemical or
physical) are dominant over others?

How is the environment modified in
pathological situations? Do actin cyto-
skeleton properties still contribute to
optimized immune cell function in
these situations?

Integrated migratory response to complex environmental guidance cues
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Figure 3. Actomyosin Cytoskeleton in Leukocyte Guidance. Immune cells are guided by a combination of chemical
and physical extracellular cues. Actin is highly implicated in the detection of and response to these guidance cues. Having
actin as a central player can enable cells to integrate the different cues and choose their global direction of migration in
complex environments.
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with chemotaxis, suggesting that distinct mechanisms control direction decisions in cells
depending on the nature of the guidance cue.

In summary, the pivotal role of actin andmyosin II contractility in deciphering guidance cues and
directing cell migration could help immune cells to prioritize the different cues and choose the
best path so that they can efficiently navigate from one tissue to another (Figure 3).

Concluding Remarks and Future Perspectives
Here we have presented multiple lines of evidence highlighting the essential role of the
actomyosin cytoskeleton in the cell-intrinsic migratory properties of immune cells as well as
in their ability to respond to the chemical and physical cues present in the environment. It
appears that different actin pools, which are generated by distinct actin nucleators and
detected at distinct subcellular locations, exist in immune cells. Remarkably, these various
actin pools are responsible for distinct cellular activities associated with cell migration. In DCs, T
cells, and neutrophils, the cortical actin pool localized toward the cell rear is nucleated by the
formin mDia1 and is responsible for forward movement in confinement. By contrast, the actin
pool localized at their front is nucleated by Arp2/3 and does not impact migration but rather
promotes cellular activities related to the individual functions of these cells: macropinocytosis in
immature DCs, phagocytosis in neutrophils, and immune synapse formation in T cells. Inter-
estingly, this pool of actin imposes on leukocytes an intermittent migration mode that might be
optimal for environment sampling. A third actin pool assembles around the nucleus of immature
DCs and T cells as a result of confinement. This actin cage is also nucleated by Arp2/3 and

Outstanding Questions
What are the respective contributions
of cell-intrinsic properties and environ-
ment constraints to migration patterns
exhibited by immune cells in vivo?

How do cells integrate distinct environ-
mental cues? Which cues (chemical or
physical) are dominant over others?

How is the environment modified in
pathological situations? Do actin cyto-
skeleton properties still contribute to
optimized immune cell function in
these situations?

Integrated migratory response to complex environmental guidance cues
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Figure 3. Actomyosin Cytoskeleton in Leukocyte Guidance. Immune cells are guided by a combination of chemical
and physical extracellular cues. Actin is highly implicated in the detection of and response to these guidance cues. Having
actin as a central player can enable cells to integrate the different cues and choose their global direction of migration in
complex environments.
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Two-photon microscopy of T cell motility in 
S1P1-GFP mouse lymph node

Cellular motility dynamics of transferred 
(red) and native (green) T cells in lymph 
node cortex.

https://www.youtube.com/shorts/E4uU7kYY47U

Potential context of barotaxis: 3D confined motility

antigen and (ii) the modification in their homing properties

for them to reach secondary lymphoid organs and present

such complexes to CD4+ T cells (Fig. 1). The success of the

immune response thus relies on the ability of immune cells

to adjust their migratory capacity in response to external

signals to efficiently perform their effector function. How

the specific function of immune cells is coordinated with

their migration therefore emerges as an essential question to

be addressed. In this review, we discuss the physical princi-

ples and molecular mechanisms involved in the migration of

DCs and highlight how these mechanisms link DC function

to locomotion.

Regulation of DC locomotion by physical cues of the
environment: the role of confinement

Cell migration is essential for many physiological functions

in multicellular organisms, such as development, immu-

nity, and cancer. Understanding the mechanisms responsi-

ble for cell migration is a major challenge today for both

physicists and biologists. Although cell motility has been

mainly studied ex vivo on flat two-dimensional (2D)

surfaces, such substrates rarely apply to in vivo cell migra-

tion, which mainly occurs in three-dimensional (3D)

micro-environments (Fig. 2A). Recent studies have revealed

the limitations of analyzing cell motility on flat 2D sub-

strates and stressed the need for alternative strategies and

tools to understand the mechanisms of cell migration in

complex 3D environments (1). Cell locomotion within

such a complex environment is a cycling multistep process

that relies on the integration of both biochemical and

physical extracellular cues. However, it has been difficult to

define how these parameters individually contribute to reg-

ulation of cell locomotion. Indeed, many studies describe

differences in cell shape, speed, or in the molecular mech-

anisms involved in cell polarity and migration depending

on the nature of the migration substrate (2), but, so far,

very few studies have managed to clearly identify which

specific characteristic of the environment is responsible for

these differences. It is particularly striking for the so-called

‘3D migration’, which covers a very large variety of envi-

ronments ranging from tissues (in vivo, tissues, explants or

cell aggregates) to different types of native, reconstituted,

or synthetic matrices. The molecular nature of the environ-

ment as well as its mechanical properties can differ, inde-

pendently of the 2D or 3D nature of the migration

substrate, but there is one property of most 3D environ-

ments that is necessarily absent from 2D migration sub-

strates: confinement, i.e. the lack of space. The fact that at

least one dimension of the environment is smaller than the

typical size of the cell implies that the cell needs to deform

to move. While confinement can be a limiting factor, espe-

cially when the restricting dimension becomes significantly

smaller than the nuclear size (2, 3), it can promote motion

when cells have only weak adhesion to the substrate [a

migration mode called chimneying (1, 4)], as it allows

them to develop pushing forces (5).
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Fig. 1. Dendritic cells (DCs) are the sentinels of the immune system. DCs that reside in, or that have been recruited to, peripheral tissues
sample their environment in search for antigens. Upon detection of pathogenic particles, for example (in blue), DCs get activated and acquire the
capacity to reach lymph vessels through upregulation of CCR7. Once in the lymph nodes, DCs expose antigenic fragments to T lymphocytes
(inset), inducing T-cell proliferation and the initiation of a specific immune response.
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One objective of our research has been to understand

how the geometry of the micro-environment influences the

motility of DCs. More specifically, our work attempts to elu-

cidate the contribution of cell confinement, which is

imposed on cells moving in the interstitial space of tissues

and organs.

Micro-fabricated tools to analyze DC migration in
confined environments

Extraction of the physical parameters that control DC migra-

tion cannot be achieved easily by analyzing DCs moving in

tissues, given their geometrical and structural complexity.

This has prompted investigators to use systems such as colla-

gen gels as simplified models to study cell migration in 3D

environments. However, 3D collagen gels remain highly

complex due to the fact that many physical parameters act

simultaneously and affect the motility of the cells they

enclose. These parameters include not only geometrical con-

finement, which will depend on gel density, but also local

constrictions, which will force a cell to temporally squeeze

its nucleus to pass through narrow spaces, as well as gel

unevenness (rugosity) or elasticity (ability to deform). In

collagen gels, these parameters are all interwoven, and their

specific role in cell motility thus cannot be extracted

(Fig. 2A). To circumvent this problem and analyze the spe-

cific role of confinement on DC migration, we turned to

micro-fabrication, a technology now used in many fields of

biology that enables precise control of the cell micro-

environment (6).

Micro-fabricated channels

We and others have developed, in the last few years, the

use of micro-channels of different sizes and shapes, usually

made of poly-di-methyl-siloxane (PDMS), a biocompatible

silicone elastomer, to study the motile behavior of DCs and

T lymphocytes. Such channels turned out to be good models

for migration under confinement, as they can induce

immune cells to move at speeds similar to those observed in

vivo (7, 8). DCs and T cells spontaneously enter into micro-

channels after loading into an entry plug. The bottom glass

coverslip closing the channel is compatible with high-reso-

lution fluorescence microscopy. Multiple channels are run in

parallel (around 50 channels per chamber), allowing an easy

recording of many cells at low magnification. Different

A

B C

Fig. 2. Migration under confinement in vivo and in vitro. Migration of dendritic cells (DCs) within tissues exposes them to different geometrical
constraints. (A) During their life, DCs can be led to displace in the interstitium between epidermal cells or in a dense extracellular matrix of
collagen, and occasionally to transmigrate through narrow holes. (B) To mimic these environments in vitro, we developed micro-channels with
different geometries, imposing curvature or constrictions to the cells. (C) Landscape irregularity in vivo imposes decision making: a parameter that
can be measured in vitro by adding bifurcations to the micro-channel devices.
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In vitro confinement

Potential context of barotaxis: 3D confined motility

One objective of our research has been to understand

how the geometry of the micro-environment influences the

motility of DCs. More specifically, our work attempts to elu-

cidate the contribution of cell confinement, which is

imposed on cells moving in the interstitial space of tissues

and organs.

Micro-fabricated tools to analyze DC migration in
confined environments

Extraction of the physical parameters that control DC migra-

tion cannot be achieved easily by analyzing DCs moving in

tissues, given their geometrical and structural complexity.

This has prompted investigators to use systems such as colla-

gen gels as simplified models to study cell migration in 3D

environments. However, 3D collagen gels remain highly

complex due to the fact that many physical parameters act

simultaneously and affect the motility of the cells they

enclose. These parameters include not only geometrical con-

finement, which will depend on gel density, but also local

constrictions, which will force a cell to temporally squeeze

its nucleus to pass through narrow spaces, as well as gel

unevenness (rugosity) or elasticity (ability to deform). In

collagen gels, these parameters are all interwoven, and their

specific role in cell motility thus cannot be extracted

(Fig. 2A). To circumvent this problem and analyze the spe-

cific role of confinement on DC migration, we turned to

micro-fabrication, a technology now used in many fields of

biology that enables precise control of the cell micro-

environment (6).

Micro-fabricated channels

We and others have developed, in the last few years, the

use of micro-channels of different sizes and shapes, usually

made of poly-di-methyl-siloxane (PDMS), a biocompatible

silicone elastomer, to study the motile behavior of DCs and

T lymphocytes. Such channels turned out to be good models

for migration under confinement, as they can induce

immune cells to move at speeds similar to those observed in

vivo (7, 8). DCs and T cells spontaneously enter into micro-

channels after loading into an entry plug. The bottom glass

coverslip closing the channel is compatible with high-reso-

lution fluorescence microscopy. Multiple channels are run in

parallel (around 50 channels per chamber), allowing an easy

recording of many cells at low magnification. Different
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Fig. 2. Migration under confinement in vivo and in vitro. Migration of dendritic cells (DCs) within tissues exposes them to different geometrical
constraints. (A) During their life, DCs can be led to displace in the interstitium between epidermal cells or in a dense extracellular matrix of
collagen, and occasionally to transmigrate through narrow holes. (B) To mimic these environments in vitro, we developed micro-channels with
different geometries, imposing curvature or constrictions to the cells. (C) Landscape irregularity in vivo imposes decision making: a parameter that
can be measured in vitro by adding bifurcations to the micro-channel devices.
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Figure 3 The mechanics of specific-adhesion-independent migration.
(a) Schematic and parameters of the physical description of friction-based
cell migration. The cell cortex is represented by an axisymmetric surface with
viscosity η, subjected to a myosin-II-dependent contractile active tension
ζ (see Supplementary Note). A gradient in active tension along the cell
axis induces deformations of the cell poles and retrograde cortical flow of
velocity VCortex in the cell reference frame, resulting in cell movement at
velocity VCell if the generated friction force is sufficient to counteract the
fluid drag force. (VRel =VCell +VCortex.) (b) Top: cell translocation is achieved
by frictional forces resisting a retrograde cortical flow coupled to contraction
of the cell rear and expansion of the leading edge. The relative contribution
of the two mechanisms depends on the friction coefficient. Bottom: cell
velocity as a function of friction (dots: experimental data (error: s.e.m.), solid
line: fitted theoretical curve). Fluid drag αD leads to cell stalling below a
threshold value of substrate friction α∗/αD ∼0.1. The maximum stress exerted
on the channel wall (inset) increases for increasing friction, whereas the
cell velocity reaches a plateau. (Normalization: VNorm= (ζ (r) −ζ (f ))L/η, fNorm=
αDVNorm.) (c) Cortical flow profiles in different friction conditions quantified
using particle image velocimetry (PIV). Dots: experimental data; lines: fit
theoretical curves calculated for measured myosin gradients (Supplementary
Fig. 1i and Supplementary Note for details). Scale bars, 10 µm (left panel)
and 0.5 µm (right panel). For b,c: nBSA =33, nBSA/F127 =25 and nF127 =33
cells were analysed in 5 (BSA), 3 (BSA/F127) and 5 (F127) independent
experiments. Data were systematically filtered on the basis of the PIV sample
size (error bar: s.e.m. see Methods for details).

Strikingly, retrograde actomyosin flows in the cell reference frame
persisted in these channels but, in contrast to BSA-coated channels,
were completely uncoupled from the substrate (Fig. 2b,c and
Supplementary Video 9). We then coated the channels with a mixture
of BSA and F127 to achieve intermediate friction (Supplementary
Fig. 2), and observed that blebbing Walker cells could migrate in
such channels, but at significantly slower velocities than in high-
friction BSA channels (VBSA = 7.6± 0.5µmmin−1, n=18 cells from
5 independent experiments, versus VBSA/F127=5.2±0.4µmmin−1

n=25 cells from 3 independent experiments; error: s.e.m.; P<0.01,
Supplementary Video 10). Furthermore, in contrast to cells in
BSA-coated channels, the retrograde cortical flows did not remain
stationary in the channel reference frame (Fig. 2b,c), indicating only
partial coupling of the cortex to the channel wall. Taken together,
these experiments suggest that rearward cortical flows coupled to the
substrate through friction drive adhesion-free migration in Walker
cells, and that aminimum friction is required to achieve effective force
transmission (Fig. 2d).

We then used the measured friction coefficients to obtain an
estimate of the forces driving friction-based migration. Assuming
that the friction coefficient we measured in unpolarized cells
(Supplementary Fig. 2) does not change on cell polarization, the
product of the measured friction coefficient and the cortical flow
velocity yields an estimate of the force density (stress) exerted by the
cells.We thus estimated average cortical flow velocities in the different
friction conditions (Fig. 2c), and found that cells in BSA, BSA/F127
and F127 channels exerted stresses lower than ∼1 Pa, 5mPa and
0.5mPa, respectively, on the channel walls. These stresses are several
orders of magnitude smaller than the hundreds of pascal stresses
typically exerted by adhesive cells6,7, consistent with our traction force
microscopy observations (Fig. 1d).

To understand how such small forces can drive cell motion and
to obtain the spatial force distribution, we developed a theoretical
description of friction-based cell migration. We modelled the
actomyosin cortex as an axisymmetric, viscous surface subjected
to the following forces: myosin-generated internal contractile stress
within the cortical layer, external friction with the channel walls
resisting cortical flows, and drag force arising from the displacement
of external medium opposing cell motion (Fig. 3a and Supplementary
Fig. 3 and Supplementary Note). We did not include internal
friction caused by intracellular structures such as the nucleus,
as several lines of evidence indicate that it is negligible in our
system (Supplementary Note 4.2 and Supplementary Fig. 4a–d). Our
model predicts that a rearward contractility gradient can drive non-
adhesive cell movement in confinement through two complementary
mechanisms (Fig. 3b; see Supplementary Note for details): frictional
forces resisting myosin-driven retrograde cortical flows generate
propelling forces; when friction is sufficient to maintain the cell
body in place, myosin contractility drives contraction at the cell rear,
leading to front expansion and net cell movement (Supplementary
Video 11). We calculated the cell velocity as a function of the channel
friction coefficient, and found that, consistent with our experimental
observations, a threshold friction is required for cell motion (Fig. 3b
and Supplementary Fig. 3f). This threshold friction is of the order of
the external drag resisting cell motion; thus, forces as small as the
drag are sufficient to propel the cell forward. Above the threshold
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Figure 4 Force distribution underlying migration in the absence of specific
adhesion. (a) Distribution of forces (variation around the mean, see
also Supplementary Fig. 4i) exerted by migrating Walker cells on the
channel wall. Cell migration direction is to the right, the force is oriented
on average in the direction opposite to this motion, and the stress
magnitudes are in the millipascal–pascal range, considerably smaller than
stresses reported for adhesive cellular movement. Propulsive thrust is
generated in the rear part of the cells, and cells exert a positive, extensile
force dipole on their surrounding environment (ρBSA=7.710−17 Nm,
ρBSA/F127=2.5×10−18 Nm and ρF127=4.4×10−20 Nm). (b) Schematic
comparison of stresses exerted during adhesive versus frictional cell
migration. Adhesive cells exert large stresses, and induce strong, contractile
deformations on their environment; frictional movement relies on small
stresses and generates weak, extensile deformations. (c) Schematic
classification of swimming and crawling cell motion according to the sign of
the force dipole.

friction, cell velocity is roughly constant whereas friction-generated
stresses increase (Fig. 3b inset), highlighting that cell velocity does not
correlate with the amplitude of the stresses exerted in this migration
mode but is dictated by the velocity of the actomyosin flow.

We then tested whether our theoretical description could
quantitatively recapitulate observed cell and cortex dynamics in
the different friction regimes, and quantified the spatial profile
of cortical flows in the different friction conditions (Fig. 3c). We
performed a simultaneous fit of the model equations to the cortical
flow profiles and the cell velocities measured for different frictions.
Flow profiles and cell velocities could be fitted accurately with a
single set of three fit parameters (Fig. 3b,c), yielding estimates for
the mechanical parameters of the model. We found a cortical tension
gradient "ζ = 68 ± 7 pN µm−1, consistent with reported cortical
tension values12,18 and a 2D cortex viscosity η=27±3×10−4 Pa sm,
consistent with reported values of 3D cortex viscosities20. The drag
coefficient was found to be αD = 208± 29 kPa sm−1, corresponding
to about 50% of the extracellular medium being pushed forward as
the cell migrates, in agreement with direct estimates of medium flows

(Supplementary Fig. 4e–h and Supplementary Note). In summary,
we could accurately fit both cell and cortex dynamics for all three
friction conditions using a single set of three fit parameters. The
strong agreement between data and theory suggests that rearward
cortical flows coupled to the substrate through nonspecific friction
are sufficient to drive focal-adhesion-independent migration.

Finally, we used themodel and the extracted parameters to compute
the spatial distribution of forces exerted on the substrate during
adhesion-free migration (Supplementary Note). We found that the
total force exerted by migrating Walker cells on the channel walls
was a few piconewtons, balancing the drag experienced by cells in
microchannels. The spatial force distribution of amigrating cell can be
described by a force dipole, ameasure of the separation of pushing and
pulling forces exerted by the cell (see Supplementary Note for details).
A positive force dipole characterizes a cell that pushes itself from the
rear, whereas a negative dipole describes a cell that pulls at the front.
The force dipole determines the pattern of substrate deformation
and can influence cell orientation and cell–cell interactions (reviewed
in ref. 1). Cells migrating using focal adhesions exert a contractile,
negative force dipole, where strong pulling forces on adhesions at
the cell leading edge are counterbalanced by contractile forces at the
rear1,21. In striking contrast with adherent cells, we found that in
migrating Walker cells, the dipolar moment of the force distribution
was positive (Fig. 4a). This indicates that the cells tend to expand
rather than contract their substrate, with the propulsive thrust being
generated in the cell rear (Fig. 4b). Thus, even though force generation
relies on actomyosin-driven flows for bothmigrationmodes, the force
dipoles during adhesion-free and focal-adhesion-based migration
have opposite orientations.

In summary, our study reveals fundamental differences in
force transmissionmechanics between focal-adhesion-dependent and
-independent migration modes (Fig. 4). We find that stresses gener-
ated during adhesion-free migration are orders of magnitude smaller
than stresses typically exerted during specific-adhesion-basedmotility
(Fig. 4b and Supplementary Fig. 4i). Indeed, even cells relying on weak
or transient adhesions, such as fast-moving keratocytes or adherent
cells with reduced myosin activity, exert forces in the nanonewton
per square micrometre range on their substrate22,23. We report here
that Walker cells exert stresses of ∼1 Pa or lower, corresponding to
forces on the channel walls in the piconewton per square micrometre
range. This range of stresses is under the limit of detection using sensi-
tive traction force measurement methods23–25. Instead, our approach,
which relies on friction measurements coupled to fitting of imaging
data to a mechanical model of migration, provides a technique to
extract forces and cell physical properties from cell shape and cortex
dynamics. Such fitting-based measurements are increasingly being
used in studies of cell mechanics26,27. It will be a challenge for future
studies to design substrates allowing for amore direct measurement of
stresses under 1 Pa during migration in confinement.

Our study suggests that the large forces transmitted by focal
adhesions, rather than being essential for motion itself, could function
mostly to guide persistent directionalmigration28 or to probe substrate
stiffness29,30. Furthermore, in integrin-based migration, large forces
are required to detach focal adhesions and adhesion that is too strong
prevents migration31; in friction-based migration, the detachment
forces areminimal and above a threshold friction, cell velocity remains
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Figure 3 The mechanics of specific-adhesion-independent migration.
(a) Schematic and parameters of the physical description of friction-based
cell migration. The cell cortex is represented by an axisymmetric surface with
viscosity η, subjected to a myosin-II-dependent contractile active tension
ζ (see Supplementary Note). A gradient in active tension along the cell
axis induces deformations of the cell poles and retrograde cortical flow of
velocity VCortex in the cell reference frame, resulting in cell movement at
velocity VCell if the generated friction force is sufficient to counteract the
fluid drag force. (VRel =VCell +VCortex.) (b) Top: cell translocation is achieved
by frictional forces resisting a retrograde cortical flow coupled to contraction
of the cell rear and expansion of the leading edge. The relative contribution
of the two mechanisms depends on the friction coefficient. Bottom: cell
velocity as a function of friction (dots: experimental data (error: s.e.m.), solid
line: fitted theoretical curve). Fluid drag αD leads to cell stalling below a
threshold value of substrate friction α∗/αD ∼0.1. The maximum stress exerted
on the channel wall (inset) increases for increasing friction, whereas the
cell velocity reaches a plateau. (Normalization: VNorm= (ζ (r) −ζ (f ))L/η, fNorm=
αDVNorm.) (c) Cortical flow profiles in different friction conditions quantified
using particle image velocimetry (PIV). Dots: experimental data; lines: fit
theoretical curves calculated for measured myosin gradients (Supplementary
Fig. 1i and Supplementary Note for details). Scale bars, 10 µm (left panel)
and 0.5 µm (right panel). For b,c: nBSA =33, nBSA/F127 =25 and nF127 =33
cells were analysed in 5 (BSA), 3 (BSA/F127) and 5 (F127) independent
experiments. Data were systematically filtered on the basis of the PIV sample
size (error bar: s.e.m. see Methods for details).

Strikingly, retrograde actomyosin flows in the cell reference frame
persisted in these channels but, in contrast to BSA-coated channels,
were completely uncoupled from the substrate (Fig. 2b,c and
Supplementary Video 9). We then coated the channels with a mixture
of BSA and F127 to achieve intermediate friction (Supplementary
Fig. 2), and observed that blebbing Walker cells could migrate in
such channels, but at significantly slower velocities than in high-
friction BSA channels (VBSA = 7.6± 0.5µmmin−1, n=18 cells from
5 independent experiments, versus VBSA/F127=5.2±0.4µmmin−1

n=25 cells from 3 independent experiments; error: s.e.m.; P<0.01,
Supplementary Video 10). Furthermore, in contrast to cells in
BSA-coated channels, the retrograde cortical flows did not remain
stationary in the channel reference frame (Fig. 2b,c), indicating only
partial coupling of the cortex to the channel wall. Taken together,
these experiments suggest that rearward cortical flows coupled to the
substrate through friction drive adhesion-free migration in Walker
cells, and that aminimum friction is required to achieve effective force
transmission (Fig. 2d).

We then used the measured friction coefficients to obtain an
estimate of the forces driving friction-based migration. Assuming
that the friction coefficient we measured in unpolarized cells
(Supplementary Fig. 2) does not change on cell polarization, the
product of the measured friction coefficient and the cortical flow
velocity yields an estimate of the force density (stress) exerted by the
cells.We thus estimated average cortical flow velocities in the different
friction conditions (Fig. 2c), and found that cells in BSA, BSA/F127
and F127 channels exerted stresses lower than ∼1 Pa, 5mPa and
0.5mPa, respectively, on the channel walls. These stresses are several
orders of magnitude smaller than the hundreds of pascal stresses
typically exerted by adhesive cells6,7, consistent with our traction force
microscopy observations (Fig. 1d).

To understand how such small forces can drive cell motion and
to obtain the spatial force distribution, we developed a theoretical
description of friction-based cell migration. We modelled the
actomyosin cortex as an axisymmetric, viscous surface subjected
to the following forces: myosin-generated internal contractile stress
within the cortical layer, external friction with the channel walls
resisting cortical flows, and drag force arising from the displacement
of external medium opposing cell motion (Fig. 3a and Supplementary
Fig. 3 and Supplementary Note). We did not include internal
friction caused by intracellular structures such as the nucleus,
as several lines of evidence indicate that it is negligible in our
system (Supplementary Note 4.2 and Supplementary Fig. 4a–d). Our
model predicts that a rearward contractility gradient can drive non-
adhesive cell movement in confinement through two complementary
mechanisms (Fig. 3b; see Supplementary Note for details): frictional
forces resisting myosin-driven retrograde cortical flows generate
propelling forces; when friction is sufficient to maintain the cell
body in place, myosin contractility drives contraction at the cell rear,
leading to front expansion and net cell movement (Supplementary
Video 11). We calculated the cell velocity as a function of the channel
friction coefficient, and found that, consistent with our experimental
observations, a threshold friction is required for cell motion (Fig. 3b
and Supplementary Fig. 3f). This threshold friction is of the order of
the external drag resisting cell motion; thus, forces as small as the
drag are sufficient to propel the cell forward. Above the threshold
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resistance tend to choose the path of least resistance
(smallest column of fluid to displace). They exhibit a
gradual barotactic response, being more biased toward
low resistance path when the resistance difference be-
tween both paths is bigger.

Importantly, to be barotactic, cells need to generate
hydraulic resistance themselves, by pushing the fluid.
This is the case for confined neutrophil-like cells that
push fluid in front of them as demonstrated by the
displacement of small beads in front of them [10]
(Figure 1a, top). However, cells that have the capacity to
transport the fluid in front of them by another mean
than by pushing it might not generate such resistance
and be insensitive to barotaxis. This has been observed
in immature dendritic cells, that is, the dendritic cells
that are in charge of patrolling peripheral tissues [11].
For this, immature dendritic cells continuously sample

their microenvironment by ingesting surrounding fluid
while migrating. Fluid ingestion occurs through macro-
pinocytosis, an actin-dependent process that allows cells
form giant vesicles from membrane ruffles [12,13].
Macropinocytosis enables immature dendritic cells to
efficiently transfer fluid from the cell front to the cell
rear as these liquid-loaded vesicles that form at the cell
front are then secreted at the back of the cell (Figure 1a,
middle). Therefore, this process renders immature
dendritic cells insensitive to hydraulic resistance and
endows them with the ability to explore environments
exhibiting theoretical infinite hydraulic resistance such
as dead ends. In contrast, mature dendritic cells lose
their capacity to perform macropinocytosis, regain a
barotactic behavior, and migrate directionally toward
lymph vessels, carrying the antigens captured in pe-
ripheral tissues to lymph nodes. Barotaxis may help
these cells avoiding dead ends and choosing the path of

Box 1. Microfluidic tools to study barotaxis.

Barotaxis can only take place in confined environments, where cells are pushing the fluid in front of them to progress, and, hence, are generating
hydraulic resistance that can then guide them. A barotactic choice of direction happenswhen cells are facing bifurcations of two or more paths that
exhibit different hydraulic resistance.

The hydraulic resistance Rh is determined by both the length and the cross section of the column of fluid that the cell pushes while migrating
according to Eq. (1) for a rectangular section:

Rh ¼ 12mL

wh3
!
1" 0:63hw

" [1]

where w is the width of the channel, L is the length, h is the height, and m is the dynamic viscosity of the fluid [14,16].

The experimental model of choice to study barotaxis is microfluidic devices [17]. Typically, cells are placed to migrate in microchannels in which
they are confined, filling the full cross section of the channel, avoiding fluid leakage and enabling the cell migration-dependent generation of
hydraulic resistance. While migrating, the cell encounters a bifurcation (or more branches) that forces it to make a directional choice. The
channels after the bifurcation are designed (length, width) to exhibit different hydraulic resistances [10]. Importantly, the change in height or width
should happen not at the bifurcation site but a few microns away from it so that the cell chooses its direction based on hydraulic resistance only,
rather than based on confinement variations (in particular of the nucleus [18]). Of note, the angle of the bifurcation is predicted not to have any
impact on barotactic choices (Blanch-Mercader, Voituriez, Piel, Moreau, unpublished data).

More complex devices can of course be designed to address more complex questions, such as how a cell will behave facing successive bi-
furcations in a maze? Or how barotaxis compete with chemotaxis? [4,17,19].

132 Cell Dynamics
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depends on the steepness of the gradient between the two ends.
It has been argued that during neutrophil migration a cortical
tension gradient along the cell might be responsible for main-
tenance of cell polarization, as well as preventing initiation of
new pseudopods through inhibition of actin polymerization, but
it has been difficult to estimate how large this tension gradients
would be (42, 43). Our results suggest that this tension gradient
has to be 20% (or larger) to be able to suppress a secondary
leading pseudopod. The mechanism underlying tension depen-
dence will have to be addressed in future experiments.

Materials and Methods
Microfluidic Device. The structure of themicrofluidic device is similar to that used
in other studies on neuronal cultures (44) and tumor cell invasiveness and mi-
gration (28) and is characterized by the presence of two main loading channels,
each of which connects two cylindrical reservoirs that act as infinite source and as
the sink, respectively. The two “loading channels” are bridged by “migration
channels” having a cross-sectional area that is much smaller than that of the
loading channels. The three-dimensional (3D) schematics of the device are shown
in Fig. 1A. The cell suspension is loaded in one side of the chip, whereas the other
symmetric half is loaded with the chemoattractant (cAMPS).

The hydraulic resistance of a duct can be defined as Rh = ΔP/Q, where ΔP is
the pressure drop and Q the flow rate (45). This formula can be considered
the hydrodynamic analogous to Ohm’s law R = ΔV/I, where ΔV is the voltage
and I the current through a wire. In the case of microchannel with a rect-
angular cross-section the hydraulic resistance can be expressed as

Rh = 12μL
wh3(1 − 0.63h=w), [2]

wherew is the width of the channel, L is its length, h is its height, and μ is the
fluid dynamic viscosity (45). The migration channels in Fig. 1C have been
designed using Eq. 2 by varying the length and cross-sectional diameter of
the channels. In all cases, the height of the channels was fixed at 2.5 μm.

Device Fabrication. The design of the mold is carried out in QCAD professional
(version 3.9.8.0). The molds of the microfluidic chip were developed using
standard photolithographic techniques (46). First, a 2.5-μm-high film of the
photopolymer SU-8 2002 was spread onto a 6-in silicon wafer (IDB Tech-
nologies) via spin coating to produce the first layer of the mold. A first high-
resolution photomask was used to transfer the features of the migration
channels through ultraviolet (UV) illumination. A second 80-μm-high layer of
SU-8 2075 was then spun on the wafer and the features of the bigger
loading channels were aligned with those of the first layer through align-
ment marks and transferred to the second layer via UV illumination. All of
the areas that were not exposed to the UV light were then etched using an
SU-8 developer. Replicas of the patterned mold were obtained by soft li-
thography using polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elasto-
mer Kit; Dow Corning Corporation). The PDMS base and curing agent were
mixed at 10:1 ratio, degassed in a vacuum desiccator, and poured on the
mold. After baking for 6 h at 80 °C the solid PDMS was separated from the
mold and ports were punched through the inlets and outlets regions using
8-mm biopsy punchers (Harris Uni-Core). Patterned PDMS was reversibly
bonded to standard microscope glass slides (VWR) exploiting the Van der
Waals forces that generate at the interface between the PDMS and
the glass.

Cell Culture. Dd cells (strain Ax2) were used. Cells were grown in shaken
suspension in HL5 medium using glass flasks at 22 °C. Cells were harvested
when the cultures reached ∼4 × 106 cells/mL cells by centrifugation (400 × g
for 2 min). Cells were washed twice and resuspended in KK2 buffer at the
concentration of 1 × 107 cells/mL and starved for 4.5 h while subjected to
periodic stimulation with 10−7 M cAMP (47). To visualize actin dynamics a
strain transformed with Lifeact red fluorescent protein (RFP) was used; to
visualize myosin dynamics a myosin II heavy chain GFP N-terminal knock-in
strain was used. The GPF knock-in strain was made using established ho-
mologous recombination techniques, using a five-amino-acid linker (GALVG)
resulting in the GFP-myosin fusion sequence MDELYKGALVGNPIHDRT.

Cell Loading. After starvation, cells were washed twice and suspended in KK2
at a final concentration of 1 × 107 cells/mL. An aliquot of 200-μL cell sus-
pension was loaded inside one of the two inlets of the microfluidic device
using a pipette. The opposite inlet was filled with 200 μL of nonhydrolyzable
cAMP analog cAMPS at increasing concentration: 20 nM, 100 nM, and 1 μM.

After loading the system with the cell and chemoattractant solutions, it
becomes subject to a transient flow directed from the source to the sink res-
ervoirs. The flow lasts until the hydrostatic pressure at these two ends of the
loading channels is balanced. At the equilibrium, a linear spatial gradient of
chemoattractant establishes inside the bridging channels (SI Appendix, Fig. S1),
mainly by diffusion, as previously shown by Abhyankar et al. (48). The sym-
metry guaranteed by the microfluidic device allows for a very good equili-
bration of the system. Cells adhere to the substrate and those that sit in the
proximity of the entrance of the migration microchannels readily sense the
cAMPS and move up the gradient while undergoing a drastic shape modifi-
cation to adapt to the mechanical confinement. The choice of using the
nonhydrolyzable cAMP analog cAMPS was based on the fact that upon ex-
posure to the cAMP gradient each Dd cell secretes intracellular cAMP at a
concentration comparable to that imposed by the system (1 μM) (49), which
would have affected our analysis. Moreover, Dictyostelium cells express and
secrete phosphodiesterase, which degrades cAMP into 5′-adenosine mono-
phosphate (50). This means that the local concentration around the single cell
would have been the result of these two competing effects and cells that
migrate close to each other could interact. The use of cAMPS simplifies the
chemical landscape cells are exposed to. At the end of each experiment, the
glass coverslip was separated from the PDMS chip and both surfaces were
cleaned with 70% ethanol and stored for following experiments. Additionally,
to maintain the chemical gradient steady, the four reservoirs were covered
using small pieces of PDMS.

Imaging, Image Analysis, and Statistical Analysis. The cell motion was recorded
at room temperature on a Leica SP8 confocal microscope equipped with a
10×, 0.3 numerial aperture plan apochromat objective lens. The length of
the splitting pseudopodia was quantified manually using ImageJ by mea-
suring the distance of the extent of each pseudopod in both bifurcating
arms, relative to the center of the bifurcation. Similarly, the length of each
cell and the actin polymerization zone was estimated manually using
ImageJ. The speed of the cells and pseudopodia was measured using ImageJ,
via kymograph analysis. The inclusion criteria for our analysis were that cells
had to travel directionally toward the higher end of the chemical gradient.
In the case when multiple consecutive cells were migrating inside a channel
only the first cell was considered. To characterize how cells interacted with
the surrounding fluid, FITC dextran (FD-70; Sigma-Aldrich) was loaded into
the right-hand side reservoirs along with cAMPS. Data analysis was con-
ducted in Excel for Mac 2011, MATLAB R2018b, and Python.

Numerical Simulation. To estimate the local concentrations of cAMPS cells
were exposed to at the bifurcating microchannels we simulate the transport
of cAMPS through the migration channels using the software Comsol Mul-
tiphysics 5.2b (Comsol, Inc.). The transport of cAMPSwas assumed to be driven
by diffusion. We calculated the equilibrium solution of the two-dimensional
diffusion equations for the actual topology of the bifurcating channels using
the module “Transport of Diluted Species.” Constant-concentration
boundary conditions were imposed at the two ends of the channel; the
values at these positions were set to be c = 1 μM and c = 0 μM, respectively,
as in the actual experiments. The boundary conditions were set as “no-flux”
at the edges of the channel. The initial conditions were 0 μM throughout the
channel. The value of the cAMP diffusion coefficient, D, in water is 4.44 ×
10−6 cm2/s (51).

Data Availability. All study data are included in the paper and SI Appendix.
Selected time-lapse image sequences of the hundreds of experiments per-
formed are included as Movies S1–S6. Raw image data will be made avail-
able upon request.
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depends on the steepness of the gradient between the two ends.
It has been argued that during neutrophil migration a cortical
tension gradient along the cell might be responsible for main-
tenance of cell polarization, as well as preventing initiation of
new pseudopods through inhibition of actin polymerization, but
it has been difficult to estimate how large this tension gradients
would be (42, 43). Our results suggest that this tension gradient
has to be 20% (or larger) to be able to suppress a secondary
leading pseudopod. The mechanism underlying tension depen-
dence will have to be addressed in future experiments.

Materials and Methods
Microfluidic Device. The structure of themicrofluidic device is similar to that used
in other studies on neuronal cultures (44) and tumor cell invasiveness and mi-
gration (28) and is characterized by the presence of two main loading channels,
each of which connects two cylindrical reservoirs that act as infinite source and as
the sink, respectively. The two “loading channels” are bridged by “migration
channels” having a cross-sectional area that is much smaller than that of the
loading channels. The three-dimensional (3D) schematics of the device are shown
in Fig. 1A. The cell suspension is loaded in one side of the chip, whereas the other
symmetric half is loaded with the chemoattractant (cAMPS).

The hydraulic resistance of a duct can be defined as Rh = ΔP/Q, where ΔP is
the pressure drop and Q the flow rate (45). This formula can be considered
the hydrodynamic analogous to Ohm’s law R = ΔV/I, where ΔV is the voltage
and I the current through a wire. In the case of microchannel with a rect-
angular cross-section the hydraulic resistance can be expressed as

Rh = 12μL
wh3(1 − 0.63h=w), [2]

wherew is the width of the channel, L is its length, h is its height, and μ is the
fluid dynamic viscosity (45). The migration channels in Fig. 1C have been
designed using Eq. 2 by varying the length and cross-sectional diameter of
the channels. In all cases, the height of the channels was fixed at 2.5 μm.

Device Fabrication. The design of the mold is carried out in QCAD professional
(version 3.9.8.0). The molds of the microfluidic chip were developed using
standard photolithographic techniques (46). First, a 2.5-μm-high film of the
photopolymer SU-8 2002 was spread onto a 6-in silicon wafer (IDB Tech-
nologies) via spin coating to produce the first layer of the mold. A first high-
resolution photomask was used to transfer the features of the migration
channels through ultraviolet (UV) illumination. A second 80-μm-high layer of
SU-8 2075 was then spun on the wafer and the features of the bigger
loading channels were aligned with those of the first layer through align-
ment marks and transferred to the second layer via UV illumination. All of
the areas that were not exposed to the UV light were then etched using an
SU-8 developer. Replicas of the patterned mold were obtained by soft li-
thography using polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elasto-
mer Kit; Dow Corning Corporation). The PDMS base and curing agent were
mixed at 10:1 ratio, degassed in a vacuum desiccator, and poured on the
mold. After baking for 6 h at 80 °C the solid PDMS was separated from the
mold and ports were punched through the inlets and outlets regions using
8-mm biopsy punchers (Harris Uni-Core). Patterned PDMS was reversibly
bonded to standard microscope glass slides (VWR) exploiting the Van der
Waals forces that generate at the interface between the PDMS and
the glass.

Cell Culture. Dd cells (strain Ax2) were used. Cells were grown in shaken
suspension in HL5 medium using glass flasks at 22 °C. Cells were harvested
when the cultures reached ∼4 × 106 cells/mL cells by centrifugation (400 × g
for 2 min). Cells were washed twice and resuspended in KK2 buffer at the
concentration of 1 × 107 cells/mL and starved for 4.5 h while subjected to
periodic stimulation with 10−7 M cAMP (47). To visualize actin dynamics a
strain transformed with Lifeact red fluorescent protein (RFP) was used; to
visualize myosin dynamics a myosin II heavy chain GFP N-terminal knock-in
strain was used. The GPF knock-in strain was made using established ho-
mologous recombination techniques, using a five-amino-acid linker (GALVG)
resulting in the GFP-myosin fusion sequence MDELYKGALVGNPIHDRT.

Cell Loading. After starvation, cells were washed twice and suspended in KK2
at a final concentration of 1 × 107 cells/mL. An aliquot of 200-μL cell sus-
pension was loaded inside one of the two inlets of the microfluidic device
using a pipette. The opposite inlet was filled with 200 μL of nonhydrolyzable
cAMP analog cAMPS at increasing concentration: 20 nM, 100 nM, and 1 μM.

After loading the system with the cell and chemoattractant solutions, it
becomes subject to a transient flow directed from the source to the sink res-
ervoirs. The flow lasts until the hydrostatic pressure at these two ends of the
loading channels is balanced. At the equilibrium, a linear spatial gradient of
chemoattractant establishes inside the bridging channels (SI Appendix, Fig. S1),
mainly by diffusion, as previously shown by Abhyankar et al. (48). The sym-
metry guaranteed by the microfluidic device allows for a very good equili-
bration of the system. Cells adhere to the substrate and those that sit in the
proximity of the entrance of the migration microchannels readily sense the
cAMPS and move up the gradient while undergoing a drastic shape modifi-
cation to adapt to the mechanical confinement. The choice of using the
nonhydrolyzable cAMP analog cAMPS was based on the fact that upon ex-
posure to the cAMP gradient each Dd cell secretes intracellular cAMP at a
concentration comparable to that imposed by the system (1 μM) (49), which
would have affected our analysis. Moreover, Dictyostelium cells express and
secrete phosphodiesterase, which degrades cAMP into 5′-adenosine mono-
phosphate (50). This means that the local concentration around the single cell
would have been the result of these two competing effects and cells that
migrate close to each other could interact. The use of cAMPS simplifies the
chemical landscape cells are exposed to. At the end of each experiment, the
glass coverslip was separated from the PDMS chip and both surfaces were
cleaned with 70% ethanol and stored for following experiments. Additionally,
to maintain the chemical gradient steady, the four reservoirs were covered
using small pieces of PDMS.

Imaging, Image Analysis, and Statistical Analysis. The cell motion was recorded
at room temperature on a Leica SP8 confocal microscope equipped with a
10×, 0.3 numerial aperture plan apochromat objective lens. The length of
the splitting pseudopodia was quantified manually using ImageJ by mea-
suring the distance of the extent of each pseudopod in both bifurcating
arms, relative to the center of the bifurcation. Similarly, the length of each
cell and the actin polymerization zone was estimated manually using
ImageJ. The speed of the cells and pseudopodia was measured using ImageJ,
via kymograph analysis. The inclusion criteria for our analysis were that cells
had to travel directionally toward the higher end of the chemical gradient.
In the case when multiple consecutive cells were migrating inside a channel
only the first cell was considered. To characterize how cells interacted with
the surrounding fluid, FITC dextran (FD-70; Sigma-Aldrich) was loaded into
the right-hand side reservoirs along with cAMPS. Data analysis was con-
ducted in Excel for Mac 2011, MATLAB R2018b, and Python.

Numerical Simulation. To estimate the local concentrations of cAMPS cells
were exposed to at the bifurcating microchannels we simulate the transport
of cAMPS through the migration channels using the software Comsol Mul-
tiphysics 5.2b (Comsol, Inc.). The transport of cAMPSwas assumed to be driven
by diffusion. We calculated the equilibrium solution of the two-dimensional
diffusion equations for the actual topology of the bifurcating channels using
the module “Transport of Diluted Species.” Constant-concentration
boundary conditions were imposed at the two ends of the channel; the
values at these positions were set to be c = 1 μM and c = 0 μM, respectively,
as in the actual experiments. The boundary conditions were set as “no-flux”
at the edges of the channel. The initial conditions were 0 μM throughout the
channel. The value of the cAMP diffusion coefficient, D, in water is 4.44 ×
10−6 cm2/s (51).

Data Availability. All study data are included in the paper and SI Appendix.
Selected time-lapse image sequences of the hundreds of experiments per-
formed are included as Movies S1–S6. Raw image data will be made avail-
able upon request.
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down-regulate macropinocytosis and lose the ability to pene-
trate dead-end channels. Although growing Dd cells show a
high level of macropinocytosis, nouptake of labeled dextran
from the fluid via macropinocytosis was observed during our
experiments with starving Dd cells, making the latter mecha-
nism an unlikely explanation (SI Appendix, Fig. S2). The ability
of Dd cells to move into the dead-end channels is likely due to
the fact that the fluid confined inside the blind channels in front
of the protruding leading edge of the cell manages to leak
between the cell and the channel wall, as the cell protrusion
advances into the dead-end branch (SI Appendix, Fig. S2). It
can be estimated that to be barotactic Dd cells should be able to
measure very small differences in pressure at their leading
edges to respond to the local differences in hydraulic resis-
tance. In fact, the force necessary to push a column of water
through a microchannel is given by the capillary force (36):

F = ΔpA = vRA2, [1]

where v is the cell velocity, R is the hydraulic resistance of the
channel and A is the cross-section. Using the definition of R
given in Eq. 2 and the values L = 250 μm, w = 3 μm, v = 8
μm/min, μ = 1 mPa·s, and h = 2.5 μm the estimated force is in
the order of 0.5 pN. These forces are very small, even smaller
than that generated by a single actin filament that polymerizes at
the leading edge, which are in the range of a few piconewtons
(37, 38) and it remains unresolved how they would be measured.
Taken together, we consider it unlikely that starving Dd cells
exhibit a significant barotactic response.
Directed and conditional pseudopod extension and retraction

is key to the chemotactic mechanism. The compass-based model
predicts that a cell first senses the direction of the attractant
gradient polarizes followed by the extension of a new pseudopod
in the direction of the gradient (39). Movement in steep gradi-
ents can be explained as the persistent extension of pseudopods
in the correct direction, largely alleviating the need for pseudo-
pod retraction. However, previous work by Insall and coworkers
(40, 41) has shown that Dd cells migrating in shallow gradients of

cAMP move via a mechanism that involves the generation of
bifurcating pseudopods at the leading edge of the cell. The
pseudopods appear to be generated in random directions, but
the pseudopod pointing toward the higher concentration of
chemoattractant is stabilized, while the pseudopod pointing in
other directions is retracted. This results in a slow but repro-
ducible turning of the cell in the direction of the gradient. Al-
though this decision to extend or retract is clearly dependent on
the gradient of cAMP, it remains unresolved at which stage and
by what mechanism the cell decides to retract a pseudopod
pointing in a less favorable direction.
Our experiments have shed some light on the decision-making

process in pseudopod extension and retraction. We found that
fast-moving cells split in two when reaching a bifurcation and the
pseudopod protruded inside the arm of low cAMPS extended for
a short time before stopping and retracting, a process that in-
volved the recruitment of myosin II. Slower-moving cells did not
split and moved straight into the correct channel. We also found
a clear relationship between the extent of the zone of filamen-
tous actin at the leading edge and the speed of movement, faster
cells having a larger filamentous actin-rich zone. We also con-
firmed that under our conditions of high confinement cells ex-
periencing higher cAMPS gradients migrate faster than cells
experiencing smaller cAMPS gradients. Therefore, it seems
likely that high levels of cAMPS-dependent actin polymerization
result in a more active and larger actin polymerization zone at
the leading edge, which may increase the probability of splitting
at a bifurcation.
We also demonstrated that the velocities of the pseudopodia

protruding up the cAMPS gradient in different cells are linearly
proportional to the sum of the velocities of the competing
pseudopodia protruding up and down the cAMPS gradient of
these cells over a wide range of velocities. The slope of this re-
lationship (threshold) is surprisingly independent of the magni-
tude of the cAMPS gradient over the cells. Since speed in this
overdamped system is proportional to the local driving force, this
implies that the decision to retract is independent of the absolute
difference in driving forces between the two ends but only

A

D E F

B C

Fig. 4. Relationship between the size of the actin-rich leading edge and the splitting behavior at the asymmetric bifurcation in Fig. 2C. (A) Example of cells
migrating in straight channels characterized by a cross-section of 5 × 2 μm2. Actin filaments, labeled with RFP-LifeAct, primarily localizes at the leading edge
and, in a lower amount, at the uropod. (Scale bar, 10 μm). (B) Relationship between the length of the actin-rich leading edge and the velocity of 37 cells
migrating in straight channels with cross-section 3 × 2 μm2. (C) Relationship between the speed of the leading edge along the path of the positive cAMPS
gradient (Vleft) and the sum of the average speeds of the pseudopodia protruding in both bifurcating channels (Vleft + Vright). Data are pooled from two to
four experiments at different cAMPS gradients (20 nM, 100 nM, and 1 μM). The correlation is highly significant (F = 250, degrees of freedom = 44, P < 10−12).
See SI Appendix, Fig. S4 for data at the individual concentrations. (D) Schematic representation of the actin distribution of migrating cells confined in
microchannels. (E) Schematic representation a fast-moving cell with large leading edge, which tends to split. (F) Schematic representation of a slow-moving
cell with a small leading edge, which tends to migrate straight toward the source of chemoattractant.
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down-regulate macropinocytosis and lose the ability to pene-
trate dead-end channels. Although growing Dd cells show a
high level of macropinocytosis, nouptake of labeled dextran
from the fluid via macropinocytosis was observed during our
experiments with starving Dd cells, making the latter mecha-
nism an unlikely explanation (SI Appendix, Fig. S2). The ability
of Dd cells to move into the dead-end channels is likely due to
the fact that the fluid confined inside the blind channels in front
of the protruding leading edge of the cell manages to leak
between the cell and the channel wall, as the cell protrusion
advances into the dead-end branch (SI Appendix, Fig. S2). It
can be estimated that to be barotactic Dd cells should be able to
measure very small differences in pressure at their leading
edges to respond to the local differences in hydraulic resis-
tance. In fact, the force necessary to push a column of water
through a microchannel is given by the capillary force (36):

F = ΔpA = vRA2, [1]

where v is the cell velocity, R is the hydraulic resistance of the
channel and A is the cross-section. Using the definition of R
given in Eq. 2 and the values L = 250 μm, w = 3 μm, v = 8
μm/min, μ = 1 mPa·s, and h = 2.5 μm the estimated force is in
the order of 0.5 pN. These forces are very small, even smaller
than that generated by a single actin filament that polymerizes at
the leading edge, which are in the range of a few piconewtons
(37, 38) and it remains unresolved how they would be measured.
Taken together, we consider it unlikely that starving Dd cells
exhibit a significant barotactic response.
Directed and conditional pseudopod extension and retraction

is key to the chemotactic mechanism. The compass-based model
predicts that a cell first senses the direction of the attractant
gradient polarizes followed by the extension of a new pseudopod
in the direction of the gradient (39). Movement in steep gradi-
ents can be explained as the persistent extension of pseudopods
in the correct direction, largely alleviating the need for pseudo-
pod retraction. However, previous work by Insall and coworkers
(40, 41) has shown that Dd cells migrating in shallow gradients of

cAMP move via a mechanism that involves the generation of
bifurcating pseudopods at the leading edge of the cell. The
pseudopods appear to be generated in random directions, but
the pseudopod pointing toward the higher concentration of
chemoattractant is stabilized, while the pseudopod pointing in
other directions is retracted. This results in a slow but repro-
ducible turning of the cell in the direction of the gradient. Al-
though this decision to extend or retract is clearly dependent on
the gradient of cAMP, it remains unresolved at which stage and
by what mechanism the cell decides to retract a pseudopod
pointing in a less favorable direction.
Our experiments have shed some light on the decision-making

process in pseudopod extension and retraction. We found that
fast-moving cells split in two when reaching a bifurcation and the
pseudopod protruded inside the arm of low cAMPS extended for
a short time before stopping and retracting, a process that in-
volved the recruitment of myosin II. Slower-moving cells did not
split and moved straight into the correct channel. We also found
a clear relationship between the extent of the zone of filamen-
tous actin at the leading edge and the speed of movement, faster
cells having a larger filamentous actin-rich zone. We also con-
firmed that under our conditions of high confinement cells ex-
periencing higher cAMPS gradients migrate faster than cells
experiencing smaller cAMPS gradients. Therefore, it seems
likely that high levels of cAMPS-dependent actin polymerization
result in a more active and larger actin polymerization zone at
the leading edge, which may increase the probability of splitting
at a bifurcation.
We also demonstrated that the velocities of the pseudopodia

protruding up the cAMPS gradient in different cells are linearly
proportional to the sum of the velocities of the competing
pseudopodia protruding up and down the cAMPS gradient of
these cells over a wide range of velocities. The slope of this re-
lationship (threshold) is surprisingly independent of the magni-
tude of the cAMPS gradient over the cells. Since speed in this
overdamped system is proportional to the local driving force, this
implies that the decision to retract is independent of the absolute
difference in driving forces between the two ends but only

A

D E F

B C

Fig. 4. Relationship between the size of the actin-rich leading edge and the splitting behavior at the asymmetric bifurcation in Fig. 2C. (A) Example of cells
migrating in straight channels characterized by a cross-section of 5 × 2 μm2. Actin filaments, labeled with RFP-LifeAct, primarily localizes at the leading edge
and, in a lower amount, at the uropod. (Scale bar, 10 μm). (B) Relationship between the length of the actin-rich leading edge and the velocity of 37 cells
migrating in straight channels with cross-section 3 × 2 μm2. (C) Relationship between the speed of the leading edge along the path of the positive cAMPS
gradient (Vleft) and the sum of the average speeds of the pseudopodia protruding in both bifurcating channels (Vleft + Vright). Data are pooled from two to
four experiments at different cAMPS gradients (20 nM, 100 nM, and 1 μM). The correlation is highly significant (F = 250, degrees of freedom = 44, P < 10−12).
See SI Appendix, Fig. S4 for data at the individual concentrations. (D) Schematic representation of the actin distribution of migrating cells confined in
microchannels. (E) Schematic representation a fast-moving cell with large leading edge, which tends to split. (F) Schematic representation of a slow-moving
cell with a small leading edge, which tends to migrate straight toward the source of chemoattractant.
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down-regulate macropinocytosis and lose the ability to pene-
trate dead-end channels. Although growing Dd cells show a
high level of macropinocytosis, nouptake of labeled dextran
from the fluid via macropinocytosis was observed during our
experiments with starving Dd cells, making the latter mecha-
nism an unlikely explanation (SI Appendix, Fig. S2). The ability
of Dd cells to move into the dead-end channels is likely due to
the fact that the fluid confined inside the blind channels in front
of the protruding leading edge of the cell manages to leak
between the cell and the channel wall, as the cell protrusion
advances into the dead-end branch (SI Appendix, Fig. S2). It
can be estimated that to be barotactic Dd cells should be able to
measure very small differences in pressure at their leading
edges to respond to the local differences in hydraulic resis-
tance. In fact, the force necessary to push a column of water
through a microchannel is given by the capillary force (36):

F = ΔpA = vRA2, [1]

where v is the cell velocity, R is the hydraulic resistance of the
channel and A is the cross-section. Using the definition of R
given in Eq. 2 and the values L = 250 μm, w = 3 μm, v = 8
μm/min, μ = 1 mPa·s, and h = 2.5 μm the estimated force is in
the order of 0.5 pN. These forces are very small, even smaller
than that generated by a single actin filament that polymerizes at
the leading edge, which are in the range of a few piconewtons
(37, 38) and it remains unresolved how they would be measured.
Taken together, we consider it unlikely that starving Dd cells
exhibit a significant barotactic response.
Directed and conditional pseudopod extension and retraction

is key to the chemotactic mechanism. The compass-based model
predicts that a cell first senses the direction of the attractant
gradient polarizes followed by the extension of a new pseudopod
in the direction of the gradient (39). Movement in steep gradi-
ents can be explained as the persistent extension of pseudopods
in the correct direction, largely alleviating the need for pseudo-
pod retraction. However, previous work by Insall and coworkers
(40, 41) has shown that Dd cells migrating in shallow gradients of

cAMP move via a mechanism that involves the generation of
bifurcating pseudopods at the leading edge of the cell. The
pseudopods appear to be generated in random directions, but
the pseudopod pointing toward the higher concentration of
chemoattractant is stabilized, while the pseudopod pointing in
other directions is retracted. This results in a slow but repro-
ducible turning of the cell in the direction of the gradient. Al-
though this decision to extend or retract is clearly dependent on
the gradient of cAMP, it remains unresolved at which stage and
by what mechanism the cell decides to retract a pseudopod
pointing in a less favorable direction.
Our experiments have shed some light on the decision-making

process in pseudopod extension and retraction. We found that
fast-moving cells split in two when reaching a bifurcation and the
pseudopod protruded inside the arm of low cAMPS extended for
a short time before stopping and retracting, a process that in-
volved the recruitment of myosin II. Slower-moving cells did not
split and moved straight into the correct channel. We also found
a clear relationship between the extent of the zone of filamen-
tous actin at the leading edge and the speed of movement, faster
cells having a larger filamentous actin-rich zone. We also con-
firmed that under our conditions of high confinement cells ex-
periencing higher cAMPS gradients migrate faster than cells
experiencing smaller cAMPS gradients. Therefore, it seems
likely that high levels of cAMPS-dependent actin polymerization
result in a more active and larger actin polymerization zone at
the leading edge, which may increase the probability of splitting
at a bifurcation.
We also demonstrated that the velocities of the pseudopodia

protruding up the cAMPS gradient in different cells are linearly
proportional to the sum of the velocities of the competing
pseudopodia protruding up and down the cAMPS gradient of
these cells over a wide range of velocities. The slope of this re-
lationship (threshold) is surprisingly independent of the magni-
tude of the cAMPS gradient over the cells. Since speed in this
overdamped system is proportional to the local driving force, this
implies that the decision to retract is independent of the absolute
difference in driving forces between the two ends but only

A

D E F

B C

Fig. 4. Relationship between the size of the actin-rich leading edge and the splitting behavior at the asymmetric bifurcation in Fig. 2C. (A) Example of cells
migrating in straight channels characterized by a cross-section of 5 × 2 μm2. Actin filaments, labeled with RFP-LifeAct, primarily localizes at the leading edge
and, in a lower amount, at the uropod. (Scale bar, 10 μm). (B) Relationship between the length of the actin-rich leading edge and the velocity of 37 cells
migrating in straight channels with cross-section 3 × 2 μm2. (C) Relationship between the speed of the leading edge along the path of the positive cAMPS
gradient (Vleft) and the sum of the average speeds of the pseudopodia protruding in both bifurcating channels (Vleft + Vright). Data are pooled from two to
four experiments at different cAMPS gradients (20 nM, 100 nM, and 1 μM). The correlation is highly significant (F = 250, degrees of freedom = 44, P < 10−12).
See SI Appendix, Fig. S4 for data at the individual concentrations. (D) Schematic representation of the actin distribution of migrating cells confined in
microchannels. (E) Schematic representation a fast-moving cell with large leading edge, which tends to split. (F) Schematic representation of a slow-moving
cell with a small leading edge, which tends to migrate straight toward the source of chemoattractant.
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down-regulate macropinocytosis and lose the ability to pene-
trate dead-end channels. Although growing Dd cells show a
high level of macropinocytosis, nouptake of labeled dextran
from the fluid via macropinocytosis was observed during our
experiments with starving Dd cells, making the latter mecha-
nism an unlikely explanation (SI Appendix, Fig. S2). The ability
of Dd cells to move into the dead-end channels is likely due to
the fact that the fluid confined inside the blind channels in front
of the protruding leading edge of the cell manages to leak
between the cell and the channel wall, as the cell protrusion
advances into the dead-end branch (SI Appendix, Fig. S2). It
can be estimated that to be barotactic Dd cells should be able to
measure very small differences in pressure at their leading
edges to respond to the local differences in hydraulic resis-
tance. In fact, the force necessary to push a column of water
through a microchannel is given by the capillary force (36):

F = ΔpA = vRA2, [1]

where v is the cell velocity, R is the hydraulic resistance of the
channel and A is the cross-section. Using the definition of R
given in Eq. 2 and the values L = 250 μm, w = 3 μm, v = 8
μm/min, μ = 1 mPa·s, and h = 2.5 μm the estimated force is in
the order of 0.5 pN. These forces are very small, even smaller
than that generated by a single actin filament that polymerizes at
the leading edge, which are in the range of a few piconewtons
(37, 38) and it remains unresolved how they would be measured.
Taken together, we consider it unlikely that starving Dd cells
exhibit a significant barotactic response.
Directed and conditional pseudopod extension and retraction

is key to the chemotactic mechanism. The compass-based model
predicts that a cell first senses the direction of the attractant
gradient polarizes followed by the extension of a new pseudopod
in the direction of the gradient (39). Movement in steep gradi-
ents can be explained as the persistent extension of pseudopods
in the correct direction, largely alleviating the need for pseudo-
pod retraction. However, previous work by Insall and coworkers
(40, 41) has shown that Dd cells migrating in shallow gradients of

cAMP move via a mechanism that involves the generation of
bifurcating pseudopods at the leading edge of the cell. The
pseudopods appear to be generated in random directions, but
the pseudopod pointing toward the higher concentration of
chemoattractant is stabilized, while the pseudopod pointing in
other directions is retracted. This results in a slow but repro-
ducible turning of the cell in the direction of the gradient. Al-
though this decision to extend or retract is clearly dependent on
the gradient of cAMP, it remains unresolved at which stage and
by what mechanism the cell decides to retract a pseudopod
pointing in a less favorable direction.
Our experiments have shed some light on the decision-making

process in pseudopod extension and retraction. We found that
fast-moving cells split in two when reaching a bifurcation and the
pseudopod protruded inside the arm of low cAMPS extended for
a short time before stopping and retracting, a process that in-
volved the recruitment of myosin II. Slower-moving cells did not
split and moved straight into the correct channel. We also found
a clear relationship between the extent of the zone of filamen-
tous actin at the leading edge and the speed of movement, faster
cells having a larger filamentous actin-rich zone. We also con-
firmed that under our conditions of high confinement cells ex-
periencing higher cAMPS gradients migrate faster than cells
experiencing smaller cAMPS gradients. Therefore, it seems
likely that high levels of cAMPS-dependent actin polymerization
result in a more active and larger actin polymerization zone at
the leading edge, which may increase the probability of splitting
at a bifurcation.
We also demonstrated that the velocities of the pseudopodia

protruding up the cAMPS gradient in different cells are linearly
proportional to the sum of the velocities of the competing
pseudopodia protruding up and down the cAMPS gradient of
these cells over a wide range of velocities. The slope of this re-
lationship (threshold) is surprisingly independent of the magni-
tude of the cAMPS gradient over the cells. Since speed in this
overdamped system is proportional to the local driving force, this
implies that the decision to retract is independent of the absolute
difference in driving forces between the two ends but only

A

D E F

B C

Fig. 4. Relationship between the size of the actin-rich leading edge and the splitting behavior at the asymmetric bifurcation in Fig. 2C. (A) Example of cells
migrating in straight channels characterized by a cross-section of 5 × 2 μm2. Actin filaments, labeled with RFP-LifeAct, primarily localizes at the leading edge
and, in a lower amount, at the uropod. (Scale bar, 10 μm). (B) Relationship between the length of the actin-rich leading edge and the velocity of 37 cells
migrating in straight channels with cross-section 3 × 2 μm2. (C) Relationship between the speed of the leading edge along the path of the positive cAMPS
gradient (Vleft) and the sum of the average speeds of the pseudopodia protruding in both bifurcating channels (Vleft + Vright). Data are pooled from two to
four experiments at different cAMPS gradients (20 nM, 100 nM, and 1 μM). The correlation is highly significant (F = 250, degrees of freedom = 44, P < 10−12).
See SI Appendix, Fig. S4 for data at the individual concentrations. (D) Schematic representation of the actin distribution of migrating cells confined in
microchannels. (E) Schematic representation a fast-moving cell with large leading edge, which tends to split. (F) Schematic representation of a slow-moving
cell with a small leading edge, which tends to migrate straight toward the source of chemoattractant.
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down-regulate macropinocytosis and lose the ability to pene-
trate dead-end channels. Although growing Dd cells show a
high level of macropinocytosis, nouptake of labeled dextran
from the fluid via macropinocytosis was observed during our
experiments with starving Dd cells, making the latter mecha-
nism an unlikely explanation (SI Appendix, Fig. S2). The ability
of Dd cells to move into the dead-end channels is likely due to
the fact that the fluid confined inside the blind channels in front
of the protruding leading edge of the cell manages to leak
between the cell and the channel wall, as the cell protrusion
advances into the dead-end branch (SI Appendix, Fig. S2). It
can be estimated that to be barotactic Dd cells should be able to
measure very small differences in pressure at their leading
edges to respond to the local differences in hydraulic resis-
tance. In fact, the force necessary to push a column of water
through a microchannel is given by the capillary force (36):

F = ΔpA = vRA2, [1]

where v is the cell velocity, R is the hydraulic resistance of the
channel and A is the cross-section. Using the definition of R
given in Eq. 2 and the values L = 250 μm, w = 3 μm, v = 8
μm/min, μ = 1 mPa·s, and h = 2.5 μm the estimated force is in
the order of 0.5 pN. These forces are very small, even smaller
than that generated by a single actin filament that polymerizes at
the leading edge, which are in the range of a few piconewtons
(37, 38) and it remains unresolved how they would be measured.
Taken together, we consider it unlikely that starving Dd cells
exhibit a significant barotactic response.
Directed and conditional pseudopod extension and retraction

is key to the chemotactic mechanism. The compass-based model
predicts that a cell first senses the direction of the attractant
gradient polarizes followed by the extension of a new pseudopod
in the direction of the gradient (39). Movement in steep gradi-
ents can be explained as the persistent extension of pseudopods
in the correct direction, largely alleviating the need for pseudo-
pod retraction. However, previous work by Insall and coworkers
(40, 41) has shown that Dd cells migrating in shallow gradients of

cAMP move via a mechanism that involves the generation of
bifurcating pseudopods at the leading edge of the cell. The
pseudopods appear to be generated in random directions, but
the pseudopod pointing toward the higher concentration of
chemoattractant is stabilized, while the pseudopod pointing in
other directions is retracted. This results in a slow but repro-
ducible turning of the cell in the direction of the gradient. Al-
though this decision to extend or retract is clearly dependent on
the gradient of cAMP, it remains unresolved at which stage and
by what mechanism the cell decides to retract a pseudopod
pointing in a less favorable direction.
Our experiments have shed some light on the decision-making

process in pseudopod extension and retraction. We found that
fast-moving cells split in two when reaching a bifurcation and the
pseudopod protruded inside the arm of low cAMPS extended for
a short time before stopping and retracting, a process that in-
volved the recruitment of myosin II. Slower-moving cells did not
split and moved straight into the correct channel. We also found
a clear relationship between the extent of the zone of filamen-
tous actin at the leading edge and the speed of movement, faster
cells having a larger filamentous actin-rich zone. We also con-
firmed that under our conditions of high confinement cells ex-
periencing higher cAMPS gradients migrate faster than cells
experiencing smaller cAMPS gradients. Therefore, it seems
likely that high levels of cAMPS-dependent actin polymerization
result in a more active and larger actin polymerization zone at
the leading edge, which may increase the probability of splitting
at a bifurcation.
We also demonstrated that the velocities of the pseudopodia

protruding up the cAMPS gradient in different cells are linearly
proportional to the sum of the velocities of the competing
pseudopodia protruding up and down the cAMPS gradient of
these cells over a wide range of velocities. The slope of this re-
lationship (threshold) is surprisingly independent of the magni-
tude of the cAMPS gradient over the cells. Since speed in this
overdamped system is proportional to the local driving force, this
implies that the decision to retract is independent of the absolute
difference in driving forces between the two ends but only

A

D E F

B C

Fig. 4. Relationship between the size of the actin-rich leading edge and the splitting behavior at the asymmetric bifurcation in Fig. 2C. (A) Example of cells
migrating in straight channels characterized by a cross-section of 5 × 2 μm2. Actin filaments, labeled with RFP-LifeAct, primarily localizes at the leading edge
and, in a lower amount, at the uropod. (Scale bar, 10 μm). (B) Relationship between the length of the actin-rich leading edge and the velocity of 37 cells
migrating in straight channels with cross-section 3 × 2 μm2. (C) Relationship between the speed of the leading edge along the path of the positive cAMPS
gradient (Vleft) and the sum of the average speeds of the pseudopodia protruding in both bifurcating channels (Vleft + Vright). Data are pooled from two to
four experiments at different cAMPS gradients (20 nM, 100 nM, and 1 μM). The correlation is highly significant (F = 250, degrees of freedom = 44, P < 10−12).
See SI Appendix, Fig. S4 for data at the individual concentrations. (D) Schematic representation of the actin distribution of migrating cells confined in
microchannels. (E) Schematic representation a fast-moving cell with large leading edge, which tends to split. (F) Schematic representation of a slow-moving
cell with a small leading edge, which tends to migrate straight toward the source of chemoattractant.
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down-regulate macropinocytosis and lose the ability to pene-
trate dead-end channels. Although growing Dd cells show a
high level of macropinocytosis, nouptake of labeled dextran
from the fluid via macropinocytosis was observed during our
experiments with starving Dd cells, making the latter mecha-
nism an unlikely explanation (SI Appendix, Fig. S2). The ability
of Dd cells to move into the dead-end channels is likely due to
the fact that the fluid confined inside the blind channels in front
of the protruding leading edge of the cell manages to leak
between the cell and the channel wall, as the cell protrusion
advances into the dead-end branch (SI Appendix, Fig. S2). It
can be estimated that to be barotactic Dd cells should be able to
measure very small differences in pressure at their leading
edges to respond to the local differences in hydraulic resis-
tance. In fact, the force necessary to push a column of water
through a microchannel is given by the capillary force (36):

F = ΔpA = vRA2, [1]

where v is the cell velocity, R is the hydraulic resistance of the
channel and A is the cross-section. Using the definition of R
given in Eq. 2 and the values L = 250 μm, w = 3 μm, v = 8
μm/min, μ = 1 mPa·s, and h = 2.5 μm the estimated force is in
the order of 0.5 pN. These forces are very small, even smaller
than that generated by a single actin filament that polymerizes at
the leading edge, which are in the range of a few piconewtons
(37, 38) and it remains unresolved how they would be measured.
Taken together, we consider it unlikely that starving Dd cells
exhibit a significant barotactic response.
Directed and conditional pseudopod extension and retraction

is key to the chemotactic mechanism. The compass-based model
predicts that a cell first senses the direction of the attractant
gradient polarizes followed by the extension of a new pseudopod
in the direction of the gradient (39). Movement in steep gradi-
ents can be explained as the persistent extension of pseudopods
in the correct direction, largely alleviating the need for pseudo-
pod retraction. However, previous work by Insall and coworkers
(40, 41) has shown that Dd cells migrating in shallow gradients of

cAMP move via a mechanism that involves the generation of
bifurcating pseudopods at the leading edge of the cell. The
pseudopods appear to be generated in random directions, but
the pseudopod pointing toward the higher concentration of
chemoattractant is stabilized, while the pseudopod pointing in
other directions is retracted. This results in a slow but repro-
ducible turning of the cell in the direction of the gradient. Al-
though this decision to extend or retract is clearly dependent on
the gradient of cAMP, it remains unresolved at which stage and
by what mechanism the cell decides to retract a pseudopod
pointing in a less favorable direction.
Our experiments have shed some light on the decision-making

process in pseudopod extension and retraction. We found that
fast-moving cells split in two when reaching a bifurcation and the
pseudopod protruded inside the arm of low cAMPS extended for
a short time before stopping and retracting, a process that in-
volved the recruitment of myosin II. Slower-moving cells did not
split and moved straight into the correct channel. We also found
a clear relationship between the extent of the zone of filamen-
tous actin at the leading edge and the speed of movement, faster
cells having a larger filamentous actin-rich zone. We also con-
firmed that under our conditions of high confinement cells ex-
periencing higher cAMPS gradients migrate faster than cells
experiencing smaller cAMPS gradients. Therefore, it seems
likely that high levels of cAMPS-dependent actin polymerization
result in a more active and larger actin polymerization zone at
the leading edge, which may increase the probability of splitting
at a bifurcation.
We also demonstrated that the velocities of the pseudopodia

protruding up the cAMPS gradient in different cells are linearly
proportional to the sum of the velocities of the competing
pseudopodia protruding up and down the cAMPS gradient of
these cells over a wide range of velocities. The slope of this re-
lationship (threshold) is surprisingly independent of the magni-
tude of the cAMPS gradient over the cells. Since speed in this
overdamped system is proportional to the local driving force, this
implies that the decision to retract is independent of the absolute
difference in driving forces between the two ends but only

A

D E F

B C

Fig. 4. Relationship between the size of the actin-rich leading edge and the splitting behavior at the asymmetric bifurcation in Fig. 2C. (A) Example of cells
migrating in straight channels characterized by a cross-section of 5 × 2 μm2. Actin filaments, labeled with RFP-LifeAct, primarily localizes at the leading edge
and, in a lower amount, at the uropod. (Scale bar, 10 μm). (B) Relationship between the length of the actin-rich leading edge and the velocity of 37 cells
migrating in straight channels with cross-section 3 × 2 μm2. (C) Relationship between the speed of the leading edge along the path of the positive cAMPS
gradient (Vleft) and the sum of the average speeds of the pseudopodia protruding in both bifurcating channels (Vleft + Vright). Data are pooled from two to
four experiments at different cAMPS gradients (20 nM, 100 nM, and 1 μM). The correlation is highly significant (F = 250, degrees of freedom = 44, P < 10−12).
See SI Appendix, Fig. S4 for data at the individual concentrations. (D) Schematic representation of the actin distribution of migrating cells confined in
microchannels. (E) Schematic representation a fast-moving cell with large leading edge, which tends to split. (F) Schematic representation of a slow-moving
cell with a small leading edge, which tends to migrate straight toward the source of chemoattractant.
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down-regulate macropinocytosis and lose the ability to pene-
trate dead-end channels. Although growing Dd cells show a
high level of macropinocytosis, nouptake of labeled dextran
from the fluid via macropinocytosis was observed during our
experiments with starving Dd cells, making the latter mecha-
nism an unlikely explanation (SI Appendix, Fig. S2). The ability
of Dd cells to move into the dead-end channels is likely due to
the fact that the fluid confined inside the blind channels in front
of the protruding leading edge of the cell manages to leak
between the cell and the channel wall, as the cell protrusion
advances into the dead-end branch (SI Appendix, Fig. S2). It
can be estimated that to be barotactic Dd cells should be able to
measure very small differences in pressure at their leading
edges to respond to the local differences in hydraulic resis-
tance. In fact, the force necessary to push a column of water
through a microchannel is given by the capillary force (36):

F = ΔpA = vRA2, [1]

where v is the cell velocity, R is the hydraulic resistance of the
channel and A is the cross-section. Using the definition of R
given in Eq. 2 and the values L = 250 μm, w = 3 μm, v = 8
μm/min, μ = 1 mPa·s, and h = 2.5 μm the estimated force is in
the order of 0.5 pN. These forces are very small, even smaller
than that generated by a single actin filament that polymerizes at
the leading edge, which are in the range of a few piconewtons
(37, 38) and it remains unresolved how they would be measured.
Taken together, we consider it unlikely that starving Dd cells
exhibit a significant barotactic response.
Directed and conditional pseudopod extension and retraction

is key to the chemotactic mechanism. The compass-based model
predicts that a cell first senses the direction of the attractant
gradient polarizes followed by the extension of a new pseudopod
in the direction of the gradient (39). Movement in steep gradi-
ents can be explained as the persistent extension of pseudopods
in the correct direction, largely alleviating the need for pseudo-
pod retraction. However, previous work by Insall and coworkers
(40, 41) has shown that Dd cells migrating in shallow gradients of

cAMP move via a mechanism that involves the generation of
bifurcating pseudopods at the leading edge of the cell. The
pseudopods appear to be generated in random directions, but
the pseudopod pointing toward the higher concentration of
chemoattractant is stabilized, while the pseudopod pointing in
other directions is retracted. This results in a slow but repro-
ducible turning of the cell in the direction of the gradient. Al-
though this decision to extend or retract is clearly dependent on
the gradient of cAMP, it remains unresolved at which stage and
by what mechanism the cell decides to retract a pseudopod
pointing in a less favorable direction.
Our experiments have shed some light on the decision-making

process in pseudopod extension and retraction. We found that
fast-moving cells split in two when reaching a bifurcation and the
pseudopod protruded inside the arm of low cAMPS extended for
a short time before stopping and retracting, a process that in-
volved the recruitment of myosin II. Slower-moving cells did not
split and moved straight into the correct channel. We also found
a clear relationship between the extent of the zone of filamen-
tous actin at the leading edge and the speed of movement, faster
cells having a larger filamentous actin-rich zone. We also con-
firmed that under our conditions of high confinement cells ex-
periencing higher cAMPS gradients migrate faster than cells
experiencing smaller cAMPS gradients. Therefore, it seems
likely that high levels of cAMPS-dependent actin polymerization
result in a more active and larger actin polymerization zone at
the leading edge, which may increase the probability of splitting
at a bifurcation.
We also demonstrated that the velocities of the pseudopodia

protruding up the cAMPS gradient in different cells are linearly
proportional to the sum of the velocities of the competing
pseudopodia protruding up and down the cAMPS gradient of
these cells over a wide range of velocities. The slope of this re-
lationship (threshold) is surprisingly independent of the magni-
tude of the cAMPS gradient over the cells. Since speed in this
overdamped system is proportional to the local driving force, this
implies that the decision to retract is independent of the absolute
difference in driving forces between the two ends but only

A

D E F

B C

Fig. 4. Relationship between the size of the actin-rich leading edge and the splitting behavior at the asymmetric bifurcation in Fig. 2C. (A) Example of cells
migrating in straight channels characterized by a cross-section of 5 × 2 μm2. Actin filaments, labeled with RFP-LifeAct, primarily localizes at the leading edge
and, in a lower amount, at the uropod. (Scale bar, 10 μm). (B) Relationship between the length of the actin-rich leading edge and the velocity of 37 cells
migrating in straight channels with cross-section 3 × 2 μm2. (C) Relationship between the speed of the leading edge along the path of the positive cAMPS
gradient (Vleft) and the sum of the average speeds of the pseudopodia protruding in both bifurcating channels (Vleft + Vright). Data are pooled from two to
four experiments at different cAMPS gradients (20 nM, 100 nM, and 1 μM). The correlation is highly significant (F = 250, degrees of freedom = 44, P < 10−12).
See SI Appendix, Fig. S4 for data at the individual concentrations. (D) Schematic representation of the actin distribution of migrating cells confined in
microchannels. (E) Schematic representation a fast-moving cell with large leading edge, which tends to split. (F) Schematic representation of a slow-moving
cell with a small leading edge, which tends to migrate straight toward the source of chemoattractant.
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down-regulate macropinocytosis and lose the ability to pene-
trate dead-end channels. Although growing Dd cells show a
high level of macropinocytosis, nouptake of labeled dextran
from the fluid via macropinocytosis was observed during our
experiments with starving Dd cells, making the latter mecha-
nism an unlikely explanation (SI Appendix, Fig. S2). The ability
of Dd cells to move into the dead-end channels is likely due to
the fact that the fluid confined inside the blind channels in front
of the protruding leading edge of the cell manages to leak
between the cell and the channel wall, as the cell protrusion
advances into the dead-end branch (SI Appendix, Fig. S2). It
can be estimated that to be barotactic Dd cells should be able to
measure very small differences in pressure at their leading
edges to respond to the local differences in hydraulic resis-
tance. In fact, the force necessary to push a column of water
through a microchannel is given by the capillary force (36):

F = ΔpA = vRA2, [1]

where v is the cell velocity, R is the hydraulic resistance of the
channel and A is the cross-section. Using the definition of R
given in Eq. 2 and the values L = 250 μm, w = 3 μm, v = 8
μm/min, μ = 1 mPa·s, and h = 2.5 μm the estimated force is in
the order of 0.5 pN. These forces are very small, even smaller
than that generated by a single actin filament that polymerizes at
the leading edge, which are in the range of a few piconewtons
(37, 38) and it remains unresolved how they would be measured.
Taken together, we consider it unlikely that starving Dd cells
exhibit a significant barotactic response.
Directed and conditional pseudopod extension and retraction

is key to the chemotactic mechanism. The compass-based model
predicts that a cell first senses the direction of the attractant
gradient polarizes followed by the extension of a new pseudopod
in the direction of the gradient (39). Movement in steep gradi-
ents can be explained as the persistent extension of pseudopods
in the correct direction, largely alleviating the need for pseudo-
pod retraction. However, previous work by Insall and coworkers
(40, 41) has shown that Dd cells migrating in shallow gradients of

cAMP move via a mechanism that involves the generation of
bifurcating pseudopods at the leading edge of the cell. The
pseudopods appear to be generated in random directions, but
the pseudopod pointing toward the higher concentration of
chemoattractant is stabilized, while the pseudopod pointing in
other directions is retracted. This results in a slow but repro-
ducible turning of the cell in the direction of the gradient. Al-
though this decision to extend or retract is clearly dependent on
the gradient of cAMP, it remains unresolved at which stage and
by what mechanism the cell decides to retract a pseudopod
pointing in a less favorable direction.
Our experiments have shed some light on the decision-making

process in pseudopod extension and retraction. We found that
fast-moving cells split in two when reaching a bifurcation and the
pseudopod protruded inside the arm of low cAMPS extended for
a short time before stopping and retracting, a process that in-
volved the recruitment of myosin II. Slower-moving cells did not
split and moved straight into the correct channel. We also found
a clear relationship between the extent of the zone of filamen-
tous actin at the leading edge and the speed of movement, faster
cells having a larger filamentous actin-rich zone. We also con-
firmed that under our conditions of high confinement cells ex-
periencing higher cAMPS gradients migrate faster than cells
experiencing smaller cAMPS gradients. Therefore, it seems
likely that high levels of cAMPS-dependent actin polymerization
result in a more active and larger actin polymerization zone at
the leading edge, which may increase the probability of splitting
at a bifurcation.
We also demonstrated that the velocities of the pseudopodia

protruding up the cAMPS gradient in different cells are linearly
proportional to the sum of the velocities of the competing
pseudopodia protruding up and down the cAMPS gradient of
these cells over a wide range of velocities. The slope of this re-
lationship (threshold) is surprisingly independent of the magni-
tude of the cAMPS gradient over the cells. Since speed in this
overdamped system is proportional to the local driving force, this
implies that the decision to retract is independent of the absolute
difference in driving forces between the two ends but only

A

D E F

B C

Fig. 4. Relationship between the size of the actin-rich leading edge and the splitting behavior at the asymmetric bifurcation in Fig. 2C. (A) Example of cells
migrating in straight channels characterized by a cross-section of 5 × 2 μm2. Actin filaments, labeled with RFP-LifeAct, primarily localizes at the leading edge
and, in a lower amount, at the uropod. (Scale bar, 10 μm). (B) Relationship between the length of the actin-rich leading edge and the velocity of 37 cells
migrating in straight channels with cross-section 3 × 2 μm2. (C) Relationship between the speed of the leading edge along the path of the positive cAMPS
gradient (Vleft) and the sum of the average speeds of the pseudopodia protruding in both bifurcating channels (Vleft + Vright). Data are pooled from two to
four experiments at different cAMPS gradients (20 nM, 100 nM, and 1 μM). The correlation is highly significant (F = 250, degrees of freedom = 44, P < 10−12).
See SI Appendix, Fig. S4 for data at the individual concentrations. (D) Schematic representation of the actin distribution of migrating cells confined in
microchannels. (E) Schematic representation a fast-moving cell with large leading edge, which tends to split. (F) Schematic representation of a slow-moving
cell with a small leading edge, which tends to migrate straight toward the source of chemoattractant.
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This is small:  <pN/µm2 or <Pa range

It depends on cell speed v, the hydraulic resistance R and the cross sectional area A. 
• Load force exerted by fluid onto moving cell:

F=

intercalate into structural features of the substrate (Tozluo!glu
et al., 2013). Due to the difficulty of direct mechanical measure-
ments on cells within 3D environments, it is not easy to unambig-
uously identify which specific force-generation mechanism is
used by cells migrating in vivo. Nonetheless, quantitative studies
in confined environments in vitro should help identify key regula-
tors of force generation on non-adhesive substrates, allowing for
the investigation of the role of these regulators during migration
in specific environments in vivo.

Mechanical Differences between Adhesive and
Non-adhesive Migration
Even though friction generation and focal adhesion formation
both rely on chemical interactions between the cell and the sub-
strate, these force-generation mechanisms are fundamentally
different in a number of ways (summarized in Table 1). First of
all, while adhesion-based migration functions both on 2D sub-
strates and in 3D confinement, friction-based migration is only
possible in 3D confinement (L€ammermann et al., 2008; Paluch
et al., 2016). This is due to differences in strength and duration
of the molecular bonds underlying cell-substrate interactions in
the twomigrationmodes. Indeed, for a cell tomaintain prolonged
contact with a 2D substrate, a requirement for efficient propelling
force generation, cell-substrate interactions must counteract
Brownian motion. Bonds between integrins and the extracellular
matrix within focal adhesions are sufficient to provide such sta-
ble attachment. Furthermore, individual integrin-ligand interac-
tions behave as catch-bonds, where bond lifetime is prolonged
by force (Kong et al., 2009), and the focal complexes further
strengthen in response to force due to clustering and cooperativ-
ity (Choquet et al., 1997; Galbraith et al., 2002; Riveline et al.,
2001). In contrast, during friction-based migration, individual
bonds are thought to be significantly weaker and shorter-lived.
This follows from observations that non-adhesive migration is
displayed by cells that, when placed on a 2D substrate, do not
maintain substrate contact and cannot migrate even when they
are polarized and form leading edge protrusions (Bergert et al.,
2015; L€ammermann et al., 2008). Placing cells in 3D confinement

counters Brownian motion and allows for the prolonged cell-
substrate contacts required for efficient force generation.
Intriguingly, Dictyostelium can migrate efficiently on 2D sub-
strates but does not appear to rely on specific adhesion
molecules (Loomis et al., 2012; Weber et al., 1995). Recent
studies suggest that non-specific van der Waals interactions
might be sufficient to maintain substrate attachment in Dictyos-
telium (Loomis et al., 2012). How exactly such interactions
generate sufficient forces to counteract Brownian motion, and
why non-specific interactions are not sufficient to maintain
surface contact in other cell types, is not well understood.
The differences in cell-substrate bonds lifetimes between

adhesion- and friction-based migration have important conse-
quences for how migration efficiency depends on substrate
interactions. Focal adhesions can outlive the dwell time of the
cell itself at a given location such that cell movement usually de-
pends on active disassembly of adhesions at the rear (Gupton
and Waterman-Storer, 2006). As a result, there is an optimal
adhesion strength for cell migration, where too strong adhesions
stall actomyosin flow and therefore migration (Gardel et al.,
2010; Gupton and Waterman-Storer, 2006). In contrast, during
friction-driven migration, cell-substrate interactions are very
transient (Hawkins et al., 2011) and do not appear to interfere
with retraction of the cell rear, as evidenced by a minimal trac-
tion-force requirement that is only just sufficient to resist the
external drag force of the surrounding medium (Bergert et al.,
2015). As a result, experimental evidence and theoretical
modeling suggest that increasing friction leads to a plateau of
migration speed, and no slowing down is expected even at
very high friction (Bergert et al., 2015).
Another important difference between the two migration

modes is the spatial distribution of the traction forces. During ad-
hesive migration, forces exerted by focal adhesion are distrib-
uted such that they exert a negative force dipole (i.e., from the
periphery toward the cell center), effectively pulling themselves
forward and contracting the underlying substrate (Schwarz and
Safran, 2013). In contrast, during non-adhesive migration,
several studies suggest that the force dipole is positive (i.e.,

Table 1. Comparison of Key Features of Focal-Adhesion-Based and Focal-Adhesion-Independent Cell Migration

Migration Mode Adhesive Non-adhesive

Protrusion type Usually lamellipodia Usually blebs

Propelling force generation Filament extension/actin flow Cortex flow

Force transmission Focal adhesion Friction, protrusion intercalations, etc.

Substrate interaction Specific Non-specific

Duration of cell-substrate interactions Longer than dwell time Shorter than dwell time

Speed-substrate interaction strength relationship Bell curve Plateau

Environment 2D surfaces and 3D environments 3D confinement

Migration speeda !0.1–1 mm/min !1–10 mm/min

Stresses exerted on substrateb !102 – 105 Pa <1Pa

Actin flow profile Mainly in lamellipodium At the cortex all along the cell body,

max velocity in cell center

Force dipole Contractile Expansile
aFor adhesive migration, Liu et al. (2015) and Maiuri et al. (2012); non-adhesive migration, Liu et al. (2015).
bFor adhesive migration, Balaban et al. (2001), Dembo andWang (1999), Galbraith and Sheetz (1997), and Legant et al. (2010); non-adhesivemigration,

Bergert et al. (2015).
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• BUT, force for non-adhesive motility is in 

the range of <pN, so <Pa range at the cell 
scale.

• Assuming Hagen-Poiseuille flow in the channel, vc(r) is related to the average fluid velocity v̄c by

vc(r) = 2v̄c
R2 − r2

R2 . (68)

• The average velocity of the microspheres is related to the fluid flow vc(r) by

v̄bead = 2π
∫

rdr p(r)vc(r), (69)

where p(r) is the radial distribution of bead positions.

• The distribution of bead positions obtained in the bright-field microscope is projected onto the y-axis.
To estimate the radial distribution p(r) from the projected distribution of bead positions p(y), we used
the inverse Abel transform14.

From Equations 68-69, we then find ˆ̄vc = 2.61±0.31 µm/min, close to our prediction v̄c = 1.4±0.2 µm/min.

5 Force density on the cell surface

Finally, we describe the calculation of the forces exerted by the cells on the channel walls during migration
(see Supplementary Fig. 4i and Fig. 4a). The 2D force density on the wall is given by the product of the
friction coefficient α and the relative velocity between the cortex and the wall:

f = α(vs + U). (70)

The resulting spatial force pattern f is plotted in Supplementary Fig. 4i, and can be characterized by
computing the first three terms of a multipole expansion:

τ =
∫

fdS (71)

ρ =
∫

xfdS (72)

γ =
∫

x2fdS. (73)

where the integrals are taken over the contact surface between the channel and the cell, τ is a force monopole,
ρ is a force dipole and γ a force quadrupole. At low Reynolds number, the total force transmitted by the
cell to its environment is zero. Thus, the force transmitted to the substrate by a crawling cell equals the
drag force exerted on it by the surrounding fluid. The drag forces in a narrow channel are comparable to
forces exerted by the cell on the substrate; therefore, the total force exerted by the cell on the channel does
not vanish and gives rise to a non-zero force monopole τ (Table. 3). We find that the next term in the
multipole expansion, the force dipole ρ, is positive for all friction conditions (Table. 3), indicating that a
higher propulsive force is generated at the cell rear. This observation is in sharp contrast with adhesion-based
motility, where the force dipole has been measured to be negative 15. Finally, we note that the quadrupole
γ has a significant contribution to the force distribution for cells moving in large friction conditions. The
ratio of quadrupole to dipole moments in this case yields a length much larger than the size of a single
cell (γ/ρ " 2 mm). Thus, flow and/or deformation fields induced by the cellular forces at large friction
conditions are predominantly characterized by the quadrupole moment of the force distribution at distances
below a few millimetres.

Multipole Large friction Intermediate friction Low friction
τ (monopole) −1.55 10−12 N −1.04 10−12 N −1.37 10−13 N
ρ (dipole) 7.7 10−17 N.m 2.5 10−18 N.m 4.4 10−20 N.m

γ (quadrupole) 1.43 10−20 N.m2 −3.9 10−23 N.m2 −5.9 10−24 N.m2

Table 3: Multipole moments of the force density exerted by migrating Walker cells on large, intermediate
and small friction channels.
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 —The forces required to move a cell are of the same order as the forces required 
to move the surrounding fluid 

Barotaxis in numbers
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Cells displace the fluid ahead as they move in a capillary

Evidence of Barotaxis

Harrison V. Prentice-Mott  et al, and Jagesh V. Shah. (2013) PNAS, 110: 21006–21011
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channel generated by the introduction of 100 nM N-formyl-
methionyl-leucyl-phenylalanine (fMLP) in the upper reservoir
(no significant difference by Fisher exact test; Fig. 1E). In-
terestingly, cells that did not extend two pseudopods, the number
of which varied greatly across the different geometries, exhibited
no significant directional bias in any of the geometries (Fig. S1),
suggesting that the extension of two pseudopods, and competition
between them, is essential for the bifurcation geometry to bias
directional cellular migration.
Given the tight seal formed by the cells in the microchannel

(16), we speculated that the cells push water as they migrate in
the channels. As a result, they would be able to detect the length
difference in the asymmetric bifurcation through the different
hydraulic loads presented to each extending pseudopod. To test if
cells push water as they migrate in the microchannels, we loaded
cells into straight microchannels with small fluorescent poly-
styrene beads in the medium (500 nm). We used a spatiotemporal
image correlation spectroscopy (STICS) method (17) to measure
the positional fluctuations of the beads (Fig. 2A and Fig. S2).
From these measurements, we were able to extract the flow ve-
locity of the beads, and therefore the bulk fluid. Fluid velocities in
the channel measured this way were identical, within our mea-
surement error, to the velocity of the cells themselves (Fig. 2B),
indicating that these cells do indeed push water as they move.
To further test if cells responded to hydraulic resistance,

and not simply channel length, we used the equation given by
Fuerstman et al. (18) to fabricate devices of three different hy-
draulic resistance ratios. For the first (Fig. 2C and Movie S3), the
lengths of the two bifurcations were equal, but the hydraulic re-
sistance of the left side was fourfold higher, accomplished by
reducing the width of the downstream channel far from the bi-
furcation. Approximately 75% of the cells migrated along the
lower-resistance side (Fig. 2G), similar to the statistics from the
4× length ratio bifurcations. For the next two geometries, a
combination of increased channel length and decreased channel
width was used to achieve resistance ratios of eightfold and 32-
fold (Fig. 2 D and E and Movies S4 and S5). Cells in these ge-
ometries exhibited an even stronger bias, with 80% and 90% of
the cells migrating toward the lower hydraulic resistance in the 8×
and 32× geometries, respectively (Fig. 2G). Finally, we fabricated
microchannel devices in which one side of the bifurcation ends in
a dead end (Fig. 2F and Movie S6). When loaded into these
channels, we observed that cells still extended two pseudopods,
but the pseudopod that extended along the dead-end direction

did so for only a short distance, resulting in an asymmetrical ex-
tension biased toward the open-ended side of the bifurcation.
Correspondingly, nearly all cells (41 of 42 total, ∼98%) migrated
away from the dead end (Fig. 2G).
To investigate a potential molecular basis of the directional

decision-making, we imaged HL-60 cells stably expressing 3xPH-
Akt-GFP (PH-Akt), a marker of phosphoinositol 3-phospholipids
and an indirect readout of PI3K activity. This marker is strongly
enriched at the leading edge during chemotaxis in neutrophils
and the slime mold Dictyostelium discoideum (19, 20). Bifurcating
pseudopods exhibited PH-Akt–positive leading edges in micro-
channels of width 6 μm (wide) and 3 μm (narrow) (Fig. 3 A and B
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Fig. 1. Confined cells can identify shorter paths independent of chemical
cues. (A and B) Images from an optical profilometer showing 3D geometry of
bifurcating microchannel features on a silicon master for 1× (A) and 4× (B)
length ratios. (Scale bar, 10 μm.) The color bar gives the height of the fea-
tures, as measured by the profilometer. (C and D) Time course montage of
a cell migrating through a bifurcation in 1× (C) and 4× (D) length ratio
geometries. Cells are false-colored for visibility. Frames are labeled to em-
phasize the processes of entering the bifurcation (red arrows) and retracting
one of the two leading edges (yellow arrow). (Scale bar, 10 μm.) (E) Di-
rectional decision statistics for cells in 1× and 4× length ratio geometries and
in the absence or presence of chemokine (fMLP). Green denotes cells that
migrated toward the shorter length (or right) side, and red denotes cells that
migrated toward the longer length (or left) side. N indicates number of cells
measured.
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Fig. 2. Cells push water and can identify the path of least resistance. (A)
Time course montage of a cell in a microchannel with fluorescent beads. ΔY
shows the distance traveled by the cell, and Δt shows time taken to travel
ΔY. Image was acquired with a 40× oil 1.0 NA immersion objective. Corre-
lation data were acquired with a 10× air 0.25 NA objective. (Scale bar,
10 μm.) (B) Plot and fit of fluid velocity calculated by STICS (y axis) compared
with measured cell velocity (x axis). Gray dashed lines show 95% CI of fit,
shown by black line. A nonlinear regression gave a slope of 0.99 ± 0.26 and
an intercept of 0.01 ± 0.05. Fit equation is shown. (C–F) Time course mon-
tages of cell migrating in channels with resistance ratios of 4× (C), 8× (D),
32× (E), and dead end (F). Cells are false-colored for visibility. (Scale bar,
10 μm.) Red arrows indicate the process of entering the microchannel, while
the yellow arrow indicates the process of retracting the nonpersistent
leading edge. (G) Directional decision statistics of cells in all geometries in
the absence of chemokine.
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Thomas LECUIT   2022-2023channel generated by the introduction of 100 nM N-formyl-

methionyl-leucyl-phenylalanine (fMLP) in the upper reservoir
(no significant difference by Fisher exact test; Fig. 1E). In-
terestingly, cells that did not extend two pseudopods, the number
of which varied greatly across the different geometries, exhibited
no significant directional bias in any of the geometries (Fig. S1),
suggesting that the extension of two pseudopods, and competition
between them, is essential for the bifurcation geometry to bias
directional cellular migration.
Given the tight seal formed by the cells in the microchannel

(16), we speculated that the cells push water as they migrate in
the channels. As a result, they would be able to detect the length
difference in the asymmetric bifurcation through the different
hydraulic loads presented to each extending pseudopod. To test if
cells push water as they migrate in the microchannels, we loaded
cells into straight microchannels with small fluorescent poly-
styrene beads in the medium (500 nm). We used a spatiotemporal
image correlation spectroscopy (STICS) method (17) to measure
the positional fluctuations of the beads (Fig. 2A and Fig. S2).
From these measurements, we were able to extract the flow ve-
locity of the beads, and therefore the bulk fluid. Fluid velocities in
the channel measured this way were identical, within our mea-
surement error, to the velocity of the cells themselves (Fig. 2B),
indicating that these cells do indeed push water as they move.
To further test if cells responded to hydraulic resistance,

and not simply channel length, we used the equation given by
Fuerstman et al. (18) to fabricate devices of three different hy-
draulic resistance ratios. For the first (Fig. 2C and Movie S3), the
lengths of the two bifurcations were equal, but the hydraulic re-
sistance of the left side was fourfold higher, accomplished by
reducing the width of the downstream channel far from the bi-
furcation. Approximately 75% of the cells migrated along the
lower-resistance side (Fig. 2G), similar to the statistics from the
4× length ratio bifurcations. For the next two geometries, a
combination of increased channel length and decreased channel
width was used to achieve resistance ratios of eightfold and 32-
fold (Fig. 2 D and E and Movies S4 and S5). Cells in these ge-
ometries exhibited an even stronger bias, with 80% and 90% of
the cells migrating toward the lower hydraulic resistance in the 8×
and 32× geometries, respectively (Fig. 2G). Finally, we fabricated
microchannel devices in which one side of the bifurcation ends in
a dead end (Fig. 2F and Movie S6). When loaded into these
channels, we observed that cells still extended two pseudopods,
but the pseudopod that extended along the dead-end direction

did so for only a short distance, resulting in an asymmetrical ex-
tension biased toward the open-ended side of the bifurcation.
Correspondingly, nearly all cells (41 of 42 total, ∼98%) migrated
away from the dead end (Fig. 2G).
To investigate a potential molecular basis of the directional

decision-making, we imaged HL-60 cells stably expressing 3xPH-
Akt-GFP (PH-Akt), a marker of phosphoinositol 3-phospholipids
and an indirect readout of PI3K activity. This marker is strongly
enriched at the leading edge during chemotaxis in neutrophils
and the slime mold Dictyostelium discoideum (19, 20). Bifurcating
pseudopods exhibited PH-Akt–positive leading edges in micro-
channels of width 6 μm (wide) and 3 μm (narrow) (Fig. 3 A and B
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Fig. 1. Confined cells can identify shorter paths independent of chemical
cues. (A and B) Images from an optical profilometer showing 3D geometry of
bifurcating microchannel features on a silicon master for 1× (A) and 4× (B)
length ratios. (Scale bar, 10 μm.) The color bar gives the height of the fea-
tures, as measured by the profilometer. (C and D) Time course montage of
a cell migrating through a bifurcation in 1× (C) and 4× (D) length ratio
geometries. Cells are false-colored for visibility. Frames are labeled to em-
phasize the processes of entering the bifurcation (red arrows) and retracting
one of the two leading edges (yellow arrow). (Scale bar, 10 μm.) (E) Di-
rectional decision statistics for cells in 1× and 4× length ratio geometries and
in the absence or presence of chemokine (fMLP). Green denotes cells that
migrated toward the shorter length (or right) side, and red denotes cells that
migrated toward the longer length (or left) side. N indicates number of cells
measured.
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Fig. 2. Cells push water and can identify the path of least resistance. (A)
Time course montage of a cell in a microchannel with fluorescent beads. ΔY
shows the distance traveled by the cell, and Δt shows time taken to travel
ΔY. Image was acquired with a 40× oil 1.0 NA immersion objective. Corre-
lation data were acquired with a 10× air 0.25 NA objective. (Scale bar,
10 μm.) (B) Plot and fit of fluid velocity calculated by STICS (y axis) compared
with measured cell velocity (x axis). Gray dashed lines show 95% CI of fit,
shown by black line. A nonlinear regression gave a slope of 0.99 ± 0.26 and
an intercept of 0.01 ± 0.05. Fit equation is shown. (C–F) Time course mon-
tages of cell migrating in channels with resistance ratios of 4× (C), 8× (D),
32× (E), and dead end (F). Cells are false-colored for visibility. (Scale bar,
10 μm.) Red arrows indicate the process of entering the microchannel, while
the yellow arrow indicates the process of retracting the nonpersistent
leading edge. (G) Directional decision statistics of cells in all geometries in
the absence of chemokine.
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channel generated by the introduction of 100 nM N-formyl-
methionyl-leucyl-phenylalanine (fMLP) in the upper reservoir
(no significant difference by Fisher exact test; Fig. 1E). In-
terestingly, cells that did not extend two pseudopods, the number
of which varied greatly across the different geometries, exhibited
no significant directional bias in any of the geometries (Fig. S1),
suggesting that the extension of two pseudopods, and competition
between them, is essential for the bifurcation geometry to bias
directional cellular migration.
Given the tight seal formed by the cells in the microchannel

(16), we speculated that the cells push water as they migrate in
the channels. As a result, they would be able to detect the length
difference in the asymmetric bifurcation through the different
hydraulic loads presented to each extending pseudopod. To test if
cells push water as they migrate in the microchannels, we loaded
cells into straight microchannels with small fluorescent poly-
styrene beads in the medium (500 nm). We used a spatiotemporal
image correlation spectroscopy (STICS) method (17) to measure
the positional fluctuations of the beads (Fig. 2A and Fig. S2).
From these measurements, we were able to extract the flow ve-
locity of the beads, and therefore the bulk fluid. Fluid velocities in
the channel measured this way were identical, within our mea-
surement error, to the velocity of the cells themselves (Fig. 2B),
indicating that these cells do indeed push water as they move.
To further test if cells responded to hydraulic resistance,

and not simply channel length, we used the equation given by
Fuerstman et al. (18) to fabricate devices of three different hy-
draulic resistance ratios. For the first (Fig. 2C and Movie S3), the
lengths of the two bifurcations were equal, but the hydraulic re-
sistance of the left side was fourfold higher, accomplished by
reducing the width of the downstream channel far from the bi-
furcation. Approximately 75% of the cells migrated along the
lower-resistance side (Fig. 2G), similar to the statistics from the
4× length ratio bifurcations. For the next two geometries, a
combination of increased channel length and decreased channel
width was used to achieve resistance ratios of eightfold and 32-
fold (Fig. 2 D and E and Movies S4 and S5). Cells in these ge-
ometries exhibited an even stronger bias, with 80% and 90% of
the cells migrating toward the lower hydraulic resistance in the 8×
and 32× geometries, respectively (Fig. 2G). Finally, we fabricated
microchannel devices in which one side of the bifurcation ends in
a dead end (Fig. 2F and Movie S6). When loaded into these
channels, we observed that cells still extended two pseudopods,
but the pseudopod that extended along the dead-end direction

did so for only a short distance, resulting in an asymmetrical ex-
tension biased toward the open-ended side of the bifurcation.
Correspondingly, nearly all cells (41 of 42 total, ∼98%) migrated
away from the dead end (Fig. 2G).
To investigate a potential molecular basis of the directional

decision-making, we imaged HL-60 cells stably expressing 3xPH-
Akt-GFP (PH-Akt), a marker of phosphoinositol 3-phospholipids
and an indirect readout of PI3K activity. This marker is strongly
enriched at the leading edge during chemotaxis in neutrophils
and the slime mold Dictyostelium discoideum (19, 20). Bifurcating
pseudopods exhibited PH-Akt–positive leading edges in micro-
channels of width 6 μm (wide) and 3 μm (narrow) (Fig. 3 A and B
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Fig. 1. Confined cells can identify shorter paths independent of chemical
cues. (A and B) Images from an optical profilometer showing 3D geometry of
bifurcating microchannel features on a silicon master for 1× (A) and 4× (B)
length ratios. (Scale bar, 10 μm.) The color bar gives the height of the fea-
tures, as measured by the profilometer. (C and D) Time course montage of
a cell migrating through a bifurcation in 1× (C) and 4× (D) length ratio
geometries. Cells are false-colored for visibility. Frames are labeled to em-
phasize the processes of entering the bifurcation (red arrows) and retracting
one of the two leading edges (yellow arrow). (Scale bar, 10 μm.) (E) Di-
rectional decision statistics for cells in 1× and 4× length ratio geometries and
in the absence or presence of chemokine (fMLP). Green denotes cells that
migrated toward the shorter length (or right) side, and red denotes cells that
migrated toward the longer length (or left) side. N indicates number of cells
measured.
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Fig. 2. Cells push water and can identify the path of least resistance. (A)
Time course montage of a cell in a microchannel with fluorescent beads. ΔY
shows the distance traveled by the cell, and Δt shows time taken to travel
ΔY. Image was acquired with a 40× oil 1.0 NA immersion objective. Corre-
lation data were acquired with a 10× air 0.25 NA objective. (Scale bar,
10 μm.) (B) Plot and fit of fluid velocity calculated by STICS (y axis) compared
with measured cell velocity (x axis). Gray dashed lines show 95% CI of fit,
shown by black line. A nonlinear regression gave a slope of 0.99 ± 0.26 and
an intercept of 0.01 ± 0.05. Fit equation is shown. (C–F) Time course mon-
tages of cell migrating in channels with resistance ratios of 4× (C), 8× (D),
32× (E), and dead end (F). Cells are false-colored for visibility. (Scale bar,
10 μm.) Red arrows indicate the process of entering the microchannel, while
the yellow arrow indicates the process of retracting the nonpersistent
leading edge. (G) Directional decision statistics of cells in all geometries in
the absence of chemokine.
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channel generated by the introduction of 100 nM N-formyl-
methionyl-leucyl-phenylalanine (fMLP) in the upper reservoir
(no significant difference by Fisher exact test; Fig. 1E). In-
terestingly, cells that did not extend two pseudopods, the number
of which varied greatly across the different geometries, exhibited
no significant directional bias in any of the geometries (Fig. S1),
suggesting that the extension of two pseudopods, and competition
between them, is essential for the bifurcation geometry to bias
directional cellular migration.
Given the tight seal formed by the cells in the microchannel

(16), we speculated that the cells push water as they migrate in
the channels. As a result, they would be able to detect the length
difference in the asymmetric bifurcation through the different
hydraulic loads presented to each extending pseudopod. To test if
cells push water as they migrate in the microchannels, we loaded
cells into straight microchannels with small fluorescent poly-
styrene beads in the medium (500 nm). We used a spatiotemporal
image correlation spectroscopy (STICS) method (17) to measure
the positional fluctuations of the beads (Fig. 2A and Fig. S2).
From these measurements, we were able to extract the flow ve-
locity of the beads, and therefore the bulk fluid. Fluid velocities in
the channel measured this way were identical, within our mea-
surement error, to the velocity of the cells themselves (Fig. 2B),
indicating that these cells do indeed push water as they move.
To further test if cells responded to hydraulic resistance,

and not simply channel length, we used the equation given by
Fuerstman et al. (18) to fabricate devices of three different hy-
draulic resistance ratios. For the first (Fig. 2C and Movie S3), the
lengths of the two bifurcations were equal, but the hydraulic re-
sistance of the left side was fourfold higher, accomplished by
reducing the width of the downstream channel far from the bi-
furcation. Approximately 75% of the cells migrated along the
lower-resistance side (Fig. 2G), similar to the statistics from the
4× length ratio bifurcations. For the next two geometries, a
combination of increased channel length and decreased channel
width was used to achieve resistance ratios of eightfold and 32-
fold (Fig. 2 D and E and Movies S4 and S5). Cells in these ge-
ometries exhibited an even stronger bias, with 80% and 90% of
the cells migrating toward the lower hydraulic resistance in the 8×
and 32× geometries, respectively (Fig. 2G). Finally, we fabricated
microchannel devices in which one side of the bifurcation ends in
a dead end (Fig. 2F and Movie S6). When loaded into these
channels, we observed that cells still extended two pseudopods,
but the pseudopod that extended along the dead-end direction

did so for only a short distance, resulting in an asymmetrical ex-
tension biased toward the open-ended side of the bifurcation.
Correspondingly, nearly all cells (41 of 42 total, ∼98%) migrated
away from the dead end (Fig. 2G).
To investigate a potential molecular basis of the directional

decision-making, we imaged HL-60 cells stably expressing 3xPH-
Akt-GFP (PH-Akt), a marker of phosphoinositol 3-phospholipids
and an indirect readout of PI3K activity. This marker is strongly
enriched at the leading edge during chemotaxis in neutrophils
and the slime mold Dictyostelium discoideum (19, 20). Bifurcating
pseudopods exhibited PH-Akt–positive leading edges in micro-
channels of width 6 μm (wide) and 3 μm (narrow) (Fig. 3 A and B
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Fig. 1. Confined cells can identify shorter paths independent of chemical
cues. (A and B) Images from an optical profilometer showing 3D geometry of
bifurcating microchannel features on a silicon master for 1× (A) and 4× (B)
length ratios. (Scale bar, 10 μm.) The color bar gives the height of the fea-
tures, as measured by the profilometer. (C and D) Time course montage of
a cell migrating through a bifurcation in 1× (C) and 4× (D) length ratio
geometries. Cells are false-colored for visibility. Frames are labeled to em-
phasize the processes of entering the bifurcation (red arrows) and retracting
one of the two leading edges (yellow arrow). (Scale bar, 10 μm.) (E) Di-
rectional decision statistics for cells in 1× and 4× length ratio geometries and
in the absence or presence of chemokine (fMLP). Green denotes cells that
migrated toward the shorter length (or right) side, and red denotes cells that
migrated toward the longer length (or left) side. N indicates number of cells
measured.
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Fig. 2. Cells push water and can identify the path of least resistance. (A)
Time course montage of a cell in a microchannel with fluorescent beads. ΔY
shows the distance traveled by the cell, and Δt shows time taken to travel
ΔY. Image was acquired with a 40× oil 1.0 NA immersion objective. Corre-
lation data were acquired with a 10× air 0.25 NA objective. (Scale bar,
10 μm.) (B) Plot and fit of fluid velocity calculated by STICS (y axis) compared
with measured cell velocity (x axis). Gray dashed lines show 95% CI of fit,
shown by black line. A nonlinear regression gave a slope of 0.99 ± 0.26 and
an intercept of 0.01 ± 0.05. Fit equation is shown. (C–F) Time course mon-
tages of cell migrating in channels with resistance ratios of 4× (C), 8× (D),
32× (E), and dead end (F). Cells are false-colored for visibility. (Scale bar,
10 μm.) Red arrows indicate the process of entering the microchannel, while
the yellow arrow indicates the process of retracting the nonpersistent
leading edge. (G) Directional decision statistics of cells in all geometries in
the absence of chemokine.
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• Cells choose the shortest 
channel independent of any 
chemokine gradient in the 
system (fMLP).

• Length of channels: 
    a 4 fold difference is

detected by cells

• The geometry of the 
path affects motility 
according to the 
Hydraulic resistance 
(based on length and 
height of channel)
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depends on the steepness of the gradient between the two ends.
It has been argued that during neutrophil migration a cortical
tension gradient along the cell might be responsible for main-
tenance of cell polarization, as well as preventing initiation of
new pseudopods through inhibition of actin polymerization, but
it has been difficult to estimate how large this tension gradients
would be (42, 43). Our results suggest that this tension gradient
has to be 20% (or larger) to be able to suppress a secondary
leading pseudopod. The mechanism underlying tension depen-
dence will have to be addressed in future experiments.

Materials and Methods
Microfluidic Device. The structure of themicrofluidic device is similar to that used
in other studies on neuronal cultures (44) and tumor cell invasiveness and mi-
gration (28) and is characterized by the presence of two main loading channels,
each of which connects two cylindrical reservoirs that act as infinite source and as
the sink, respectively. The two “loading channels” are bridged by “migration
channels” having a cross-sectional area that is much smaller than that of the
loading channels. The three-dimensional (3D) schematics of the device are shown
in Fig. 1A. The cell suspension is loaded in one side of the chip, whereas the other
symmetric half is loaded with the chemoattractant (cAMPS).

The hydraulic resistance of a duct can be defined as Rh = ΔP/Q, where ΔP is
the pressure drop and Q the flow rate (45). This formula can be considered
the hydrodynamic analogous to Ohm’s law R = ΔV/I, where ΔV is the voltage
and I the current through a wire. In the case of microchannel with a rect-
angular cross-section the hydraulic resistance can be expressed as

Rh = 12μL
wh3(1 − 0.63h=w), [2]

wherew is the width of the channel, L is its length, h is its height, and μ is the
fluid dynamic viscosity (45). The migration channels in Fig. 1C have been
designed using Eq. 2 by varying the length and cross-sectional diameter of
the channels. In all cases, the height of the channels was fixed at 2.5 μm.

Device Fabrication. The design of the mold is carried out in QCAD professional
(version 3.9.8.0). The molds of the microfluidic chip were developed using
standard photolithographic techniques (46). First, a 2.5-μm-high film of the
photopolymer SU-8 2002 was spread onto a 6-in silicon wafer (IDB Tech-
nologies) via spin coating to produce the first layer of the mold. A first high-
resolution photomask was used to transfer the features of the migration
channels through ultraviolet (UV) illumination. A second 80-μm-high layer of
SU-8 2075 was then spun on the wafer and the features of the bigger
loading channels were aligned with those of the first layer through align-
ment marks and transferred to the second layer via UV illumination. All of
the areas that were not exposed to the UV light were then etched using an
SU-8 developer. Replicas of the patterned mold were obtained by soft li-
thography using polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elasto-
mer Kit; Dow Corning Corporation). The PDMS base and curing agent were
mixed at 10:1 ratio, degassed in a vacuum desiccator, and poured on the
mold. After baking for 6 h at 80 °C the solid PDMS was separated from the
mold and ports were punched through the inlets and outlets regions using
8-mm biopsy punchers (Harris Uni-Core). Patterned PDMS was reversibly
bonded to standard microscope glass slides (VWR) exploiting the Van der
Waals forces that generate at the interface between the PDMS and
the glass.

Cell Culture. Dd cells (strain Ax2) were used. Cells were grown in shaken
suspension in HL5 medium using glass flasks at 22 °C. Cells were harvested
when the cultures reached ∼4 × 106 cells/mL cells by centrifugation (400 × g
for 2 min). Cells were washed twice and resuspended in KK2 buffer at the
concentration of 1 × 107 cells/mL and starved for 4.5 h while subjected to
periodic stimulation with 10−7 M cAMP (47). To visualize actin dynamics a
strain transformed with Lifeact red fluorescent protein (RFP) was used; to
visualize myosin dynamics a myosin II heavy chain GFP N-terminal knock-in
strain was used. The GPF knock-in strain was made using established ho-
mologous recombination techniques, using a five-amino-acid linker (GALVG)
resulting in the GFP-myosin fusion sequence MDELYKGALVGNPIHDRT.

Cell Loading. After starvation, cells were washed twice and suspended in KK2
at a final concentration of 1 × 107 cells/mL. An aliquot of 200-μL cell sus-
pension was loaded inside one of the two inlets of the microfluidic device
using a pipette. The opposite inlet was filled with 200 μL of nonhydrolyzable
cAMP analog cAMPS at increasing concentration: 20 nM, 100 nM, and 1 μM.

After loading the system with the cell and chemoattractant solutions, it
becomes subject to a transient flow directed from the source to the sink res-
ervoirs. The flow lasts until the hydrostatic pressure at these two ends of the
loading channels is balanced. At the equilibrium, a linear spatial gradient of
chemoattractant establishes inside the bridging channels (SI Appendix, Fig. S1),
mainly by diffusion, as previously shown by Abhyankar et al. (48). The sym-
metry guaranteed by the microfluidic device allows for a very good equili-
bration of the system. Cells adhere to the substrate and those that sit in the
proximity of the entrance of the migration microchannels readily sense the
cAMPS and move up the gradient while undergoing a drastic shape modifi-
cation to adapt to the mechanical confinement. The choice of using the
nonhydrolyzable cAMP analog cAMPS was based on the fact that upon ex-
posure to the cAMP gradient each Dd cell secretes intracellular cAMP at a
concentration comparable to that imposed by the system (1 μM) (49), which
would have affected our analysis. Moreover, Dictyostelium cells express and
secrete phosphodiesterase, which degrades cAMP into 5′-adenosine mono-
phosphate (50). This means that the local concentration around the single cell
would have been the result of these two competing effects and cells that
migrate close to each other could interact. The use of cAMPS simplifies the
chemical landscape cells are exposed to. At the end of each experiment, the
glass coverslip was separated from the PDMS chip and both surfaces were
cleaned with 70% ethanol and stored for following experiments. Additionally,
to maintain the chemical gradient steady, the four reservoirs were covered
using small pieces of PDMS.

Imaging, Image Analysis, and Statistical Analysis. The cell motion was recorded
at room temperature on a Leica SP8 confocal microscope equipped with a
10×, 0.3 numerial aperture plan apochromat objective lens. The length of
the splitting pseudopodia was quantified manually using ImageJ by mea-
suring the distance of the extent of each pseudopod in both bifurcating
arms, relative to the center of the bifurcation. Similarly, the length of each
cell and the actin polymerization zone was estimated manually using
ImageJ. The speed of the cells and pseudopodia was measured using ImageJ,
via kymograph analysis. The inclusion criteria for our analysis were that cells
had to travel directionally toward the higher end of the chemical gradient.
In the case when multiple consecutive cells were migrating inside a channel
only the first cell was considered. To characterize how cells interacted with
the surrounding fluid, FITC dextran (FD-70; Sigma-Aldrich) was loaded into
the right-hand side reservoirs along with cAMPS. Data analysis was con-
ducted in Excel for Mac 2011, MATLAB R2018b, and Python.

Numerical Simulation. To estimate the local concentrations of cAMPS cells
were exposed to at the bifurcating microchannels we simulate the transport
of cAMPS through the migration channels using the software Comsol Mul-
tiphysics 5.2b (Comsol, Inc.). The transport of cAMPSwas assumed to be driven
by diffusion. We calculated the equilibrium solution of the two-dimensional
diffusion equations for the actual topology of the bifurcating channels using
the module “Transport of Diluted Species.” Constant-concentration
boundary conditions were imposed at the two ends of the channel; the
values at these positions were set to be c = 1 μM and c = 0 μM, respectively,
as in the actual experiments. The boundary conditions were set as “no-flux”
at the edges of the channel. The initial conditions were 0 μM throughout the
channel. The value of the cAMP diffusion coefficient, D, in water is 4.44 ×
10−6 cm2/s (51).

Data Availability. All study data are included in the paper and SI Appendix.
Selected time-lapse image sequences of the hundreds of experiments per-
formed are included as Movies S1–S6. Raw image data will be made avail-
able upon request.
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and Movies S7 and S8). In many cells, the leading edge that
eventually retracted was enriched for PH-Akt right until the time
of retraction, with no obvious decrease in brightness. We quan-
tified the maximum intensity of leading-edge PH-Akt in a 3-μm
window at each leading edge. When observed in space–time plots,
the normalized chemical polarization showed no obvious bias
over the decision-making time (Fig. 3 C–F, blue line). Moreover,
we observed no correlation between the initial or final asymme-
try in leading-edge chemical polarization and the ultimate di-
rection chosen (Fig. S3B and Fig. 3G, respectively). Thus, the
competition between the extended pseudopods did not appear

to be mediated by differences in strength of canonical leading
edge signaling.
We then turned to careful geometric analysis of the competing

pseudopods. In asymmetric channels, pseudopods became asym-
metrical in length over time, with the low-resistance branch longer,
indicating that extension rates were faster on the low-resistance
side (Fig. 3 A and B). When plotted in space–time plots, we ob-
served that, in individual cells, the center of mass position, with
respect to the center of the bifurcation, rapidly biased to the final
directional choice (Fig. 3 C–F, black line). This occurred even in
the low percentage of cells that chose the high-resistance channel.
Thus, a physical asymmetry resulting from differential extension
rates predicted the directional choice.
By normalizing initial pseudopod velocities, we found that a bias

toward the low-resistance side was observed within the first five
frames (15 s) after the cell entered the bifurcation (Fig. S3A).
Comparing the initial extension bias to the final direction chosen for
each individual cell, we found that the initial extension bias corre-
lated well with the final decision of the cell (Fig. S3A). Notably, the
cells in the wide channel showed a stronger bias in the correlation of
initial extension velocity with final decision compared with the cells
in the narrow channel. The bias in the center of mass, in the frame
directly before retraction, exhibited an even stronger correlation
with the direction chosen by the cell (Fig. 3H). In this case, the cells
in narrow channels exhibited a modestly stronger correlation.
To verify that the observed correlation between extension

asymmetry and direction chosen was not a result of the physical
asymmetry of the bifurcating channels, we imaged HL-60 cells in
wide and narrow symmetrical bifurcating channels. As shown in
Fig. 3H, cells in symmetrical bifurcations exhibited a very similar
correlation, with only a small number of cells migrating in a di-
rection opposite that of the center of mass, and, in those cases,
the center of mass was quite close to the bifurcation. Similarly,
cells in symmetrical bifurcations exhibited no obvious correlation
between polarization of PIP3 and the direction chosen (Fig. 3G).
Observations of the retraction timing indicated that long cells,

in wide or narrow channels, were delayed in making the di-
rectional choice in comparison with shorter cells (Fig. S4A).
Measurements of pseudopod length (Fig. S4B) and uropod ve-
locity (Fig. S4C) indicated that long cells moved at similar speeds
compared with short cells, but extended more pseudopod into
the bifurcation before retracting one leading edge, and thus are
delayed in making the directional choice. Together, these
observations indicated that there may be a characteristic distance
between the rear of the cell and the bifurcation to determine
decision timing. Analysis of the fraction of cell length that
remained in the entry channels (cell rear) showed a trend con-
sistent with this hypothesis (SI Text and Fig. S4D).
Having observed no apparent correlation between PIP3 che-

motactic signaling and directional choice in asymmetric chan-
nels, we investigated competition between physical and chemical
inputs. A “caged,” or photoactivatable, version of fMLP (cfMLP)
was synthesized (Fig. S5A) by appending a nitrobenzyl moiety to
the formyl group. This derivative appeared to lack any chemotactic
activity. When exposed to UV light, the bond to the nitrobenzyl is
cleaved, liberating active fMLP. We tested cfMLP by uncaging it in
a dead-end channel that cells rarely enter, and observed the effect
on cells expressing PH-Akt. Measurements of fluorescence in-
tensity made at each leading edge immediately before as well as
18 s following uncaging showed a dramatic increase in chemical
polarization toward the dead end (Fig. S5B), indicating that pho-
toliberated fMLP activates canonical signaling pathways.
To probe the competition between chemical and hydraulic

stimuli, cfMLP was uncaged in the dead-end side of a dead-end
bifurcation soon after cells started to extend two pseudopods into
the channels. We found that many cells (70%) migrated down the
open channel despite exhibiting strong PIP3 polarization toward
the dead-end side (Fig. 4A and Movie S9). Thus, the chemical
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Fig. 3. Asymmetries in leading edge extension predict cellular directional
decision. (A and B) Time course montage of a cell expressing PH-Akt mi-
grating in 4× length ratio bifurcation geometry with widths of 6 μm (A) and
3 μm (B). (Scale bar, 10 μm.) The red arrows denote the process of entering
the bifurcation, and the yellow arrow denotes the retraction of the non-
persistent leading edge. (C–F) Trajectories of the position of the low-
resistance leading edge (green), high-resistance leading edge (red), center of
mass (black), and PH-Akt polarization (cyan) vs. time. Plots are grouped
according to whether the cell migrated in narrow channels (C and D) or wide
channels (E and F). Dashed trajectories represent a cell choosing the high-
resistance channel; solid trajectories represent a cell choosing the low-
resistance channel. Horizontal lines show the retraction time for each cell.
(G and H) Column scatter dot plots of the position of the PH-Akt polarization
(G) and center of mass (COM) (H) at retraction time for 4× and 1× geome-
tries. All plots show distribution for cells in narrow and wide geometries
for the 4× resistance ratio in black. The distribution for cells that migrate
toward the low-resistance/right side is shown in green, grouped by resistance
ratio. The distribution for cells that migrated toward the high-resistance/left
side is shown in red, grouped by resistance ratio.
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and Movies S7 and S8). In many cells, the leading edge that
eventually retracted was enriched for PH-Akt right until the time
of retraction, with no obvious decrease in brightness. We quan-
tified the maximum intensity of leading-edge PH-Akt in a 3-μm
window at each leading edge. When observed in space–time plots,
the normalized chemical polarization showed no obvious bias
over the decision-making time (Fig. 3 C–F, blue line). Moreover,
we observed no correlation between the initial or final asymme-
try in leading-edge chemical polarization and the ultimate di-
rection chosen (Fig. S3B and Fig. 3G, respectively). Thus, the
competition between the extended pseudopods did not appear

to be mediated by differences in strength of canonical leading
edge signaling.
We then turned to careful geometric analysis of the competing

pseudopods. In asymmetric channels, pseudopods became asym-
metrical in length over time, with the low-resistance branch longer,
indicating that extension rates were faster on the low-resistance
side (Fig. 3 A and B). When plotted in space–time plots, we ob-
served that, in individual cells, the center of mass position, with
respect to the center of the bifurcation, rapidly biased to the final
directional choice (Fig. 3 C–F, black line). This occurred even in
the low percentage of cells that chose the high-resistance channel.
Thus, a physical asymmetry resulting from differential extension
rates predicted the directional choice.
By normalizing initial pseudopod velocities, we found that a bias

toward the low-resistance side was observed within the first five
frames (15 s) after the cell entered the bifurcation (Fig. S3A).
Comparing the initial extension bias to the final direction chosen for
each individual cell, we found that the initial extension bias corre-
lated well with the final decision of the cell (Fig. S3A). Notably, the
cells in the wide channel showed a stronger bias in the correlation of
initial extension velocity with final decision compared with the cells
in the narrow channel. The bias in the center of mass, in the frame
directly before retraction, exhibited an even stronger correlation
with the direction chosen by the cell (Fig. 3H). In this case, the cells
in narrow channels exhibited a modestly stronger correlation.
To verify that the observed correlation between extension

asymmetry and direction chosen was not a result of the physical
asymmetry of the bifurcating channels, we imaged HL-60 cells in
wide and narrow symmetrical bifurcating channels. As shown in
Fig. 3H, cells in symmetrical bifurcations exhibited a very similar
correlation, with only a small number of cells migrating in a di-
rection opposite that of the center of mass, and, in those cases,
the center of mass was quite close to the bifurcation. Similarly,
cells in symmetrical bifurcations exhibited no obvious correlation
between polarization of PIP3 and the direction chosen (Fig. 3G).
Observations of the retraction timing indicated that long cells,

in wide or narrow channels, were delayed in making the di-
rectional choice in comparison with shorter cells (Fig. S4A).
Measurements of pseudopod length (Fig. S4B) and uropod ve-
locity (Fig. S4C) indicated that long cells moved at similar speeds
compared with short cells, but extended more pseudopod into
the bifurcation before retracting one leading edge, and thus are
delayed in making the directional choice. Together, these
observations indicated that there may be a characteristic distance
between the rear of the cell and the bifurcation to determine
decision timing. Analysis of the fraction of cell length that
remained in the entry channels (cell rear) showed a trend con-
sistent with this hypothesis (SI Text and Fig. S4D).
Having observed no apparent correlation between PIP3 che-

motactic signaling and directional choice in asymmetric chan-
nels, we investigated competition between physical and chemical
inputs. A “caged,” or photoactivatable, version of fMLP (cfMLP)
was synthesized (Fig. S5A) by appending a nitrobenzyl moiety to
the formyl group. This derivative appeared to lack any chemotactic
activity. When exposed to UV light, the bond to the nitrobenzyl is
cleaved, liberating active fMLP. We tested cfMLP by uncaging it in
a dead-end channel that cells rarely enter, and observed the effect
on cells expressing PH-Akt. Measurements of fluorescence in-
tensity made at each leading edge immediately before as well as
18 s following uncaging showed a dramatic increase in chemical
polarization toward the dead end (Fig. S5B), indicating that pho-
toliberated fMLP activates canonical signaling pathways.
To probe the competition between chemical and hydraulic

stimuli, cfMLP was uncaged in the dead-end side of a dead-end
bifurcation soon after cells started to extend two pseudopods into
the channels. We found that many cells (70%) migrated down the
open channel despite exhibiting strong PIP3 polarization toward
the dead-end side (Fig. 4A and Movie S9). Thus, the chemical
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Fig. 3. Asymmetries in leading edge extension predict cellular directional
decision. (A and B) Time course montage of a cell expressing PH-Akt mi-
grating in 4× length ratio bifurcation geometry with widths of 6 μm (A) and
3 μm (B). (Scale bar, 10 μm.) The red arrows denote the process of entering
the bifurcation, and the yellow arrow denotes the retraction of the non-
persistent leading edge. (C–F) Trajectories of the position of the low-
resistance leading edge (green), high-resistance leading edge (red), center of
mass (black), and PH-Akt polarization (cyan) vs. time. Plots are grouped
according to whether the cell migrated in narrow channels (C and D) or wide
channels (E and F). Dashed trajectories represent a cell choosing the high-
resistance channel; solid trajectories represent a cell choosing the low-
resistance channel. Horizontal lines show the retraction time for each cell.
(G and H) Column scatter dot plots of the position of the PH-Akt polarization
(G) and center of mass (COM) (H) at retraction time for 4× and 1× geome-
tries. All plots show distribution for cells in narrow and wide geometries
for the 4× resistance ratio in black. The distribution for cells that migrate
toward the low-resistance/right side is shown in green, grouped by resistance
ratio. The distribution for cells that migrated toward the high-resistance/left
side is shown in red, grouped by resistance ratio.
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• Cells extend protrusions in both 
channels at a bifurcation

• One of the two pseudopods retracts 
and the cell moves towards the other 
extended pseudopod

• The competition between the 
extended pseudopods is not 
mediated by differences in strength 
of canonical leading edge signaling
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signal polarized the signaling machinery toward the high chemo-
attractant side, but the response to hydraulic resistance overrode
this signal to direct cell migration. Dynamics of the response of the
cells that entered the open-end channel were similar to those in
the absence of uncaging, with the notable exceptions of chemical
polarization toward the dead end after uncaging (Fig. 4 C and D)
and further extension of the pseudopod down the dead end fol-
lowing uncaging (Fig. S5D). A subset of cells (30%) did enter the
dead-end channel when cfMLP was uncaged (Fig. 4B and Movie
S10). These cells retracted the leading edge that had extended
toward the open end and migrated a short distance into the dead
end, at which point they ceased to continue migrating, but did not
retreat from the dead end. This effect was dependent on the
presence of cfMLP and laser activation, as neither one alone
caused cells to enter the dead-end channels (Fig. S5C). When the
directional choice statistics were analyzed, we found that the cells
that entered the dead-end channel were all short (<40 μm; Fig.
4E). Interestingly, the cells that entered the dead-end channel
exhibited center-of-mass biases both into and away from the final
directional choice, implicating a competition between chemical
and physical inputs at small physical asymmetries (Fig. 4F).

Discussion
Here we have investigated the role of hydraulic pressure gener-
ated by cell migration as a physical input to cellular directionality.
The influence of this input was revealed by observing confined,
chemotactic cells presented with asymmetric hydraulic environ-
ments and demonstrating that they were able to determine the
path of lesser hydraulic resistance, a phenomenon consistent
with the term “barotaxis.” Notably, this choice did not require
chemical cues, unlike previous work using similar bifurcated
channels (21). The decision-making dynamics involved two
phases: (i) generation of an initial physical asymmetry manifest
as differential extension of two leading edges and (ii) retraction

of the leading edge closest to the bifurcation. Together, these
activities resulted in biased migration toward the lower-resistance
channel. Timing of decision-making showed a correlation be-
tween the time to make a decision and cell length (SI Text). By
using a caged form of a chemoattractant, we demonstrated that
hydraulic and chemical inputs compete, with hydraulic overriding
chemical under some circumstances. This competition occurred
downstream of polarized synthesis of PIP3, a canonical chemo-
tactic polarization marker.
From our measurements of the leading edge extension and the

fluid flow in a microchannel, we propose that, as the leading edge
extends, it experiences an external load, namely the column of
fluid ahead of it. By using the equation provided by Fuerstman
et al. (18) [channel dimensions 6 μm wide and 3 μm high, vis-
cosity of water 1 mPa·s, channel length 100 μm, and cell (fluid)
velocity of 0.3 μm/s], we found that the net force to move this
column of water was on the order of 1 pN. Usami et al., ob-
serving confined neutrophils in micropipettes (22), and others in
unconfined settings (23–25), have shown that forces on the order
of tens of nanonewtons are required to stall cell motion.
To understand this potential paradox of how the small forces

associated with water column movement might bias migration,
we note that the forces exerted by the neutrophil are balanced by
the sum of the forces that result from adhesion, hydrodynamic
friction in the thin layer, and the external pressure. Although the
leading edge is relatively labile and free of forces, the rest of the
cell is not. Indeed, forces are likely nonuniform along the neu-
trophil, which is free at either end; in fact, scaling considerations
suggest that there is a characteristic dynamic length scale asso-
ciated with the balance between contraction and friction that
screens the front end of the cell from the back in the straight
channel. Thus, for a sufficiently long cell in a straight channel,
the front and back could become mechanically decoupled. When
the cell has bifurcated into the T-junction, depending on the
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Fig. 4. Physical asymmetry can override chemical activation. (A and B) Time course montages of cells in the presence of caged fMLP exposed to laser ex-
citation. Location of uncaging (white dot) and uncaging time are shown in the second image. Cells migrated toward the open end (A) or toward the dead end
(B), albeit with different statistics. (Scale bar, 10 μm.) The red arrows denote the process of entering the bifurcation, and the yellow arrow denotes the
retraction of the nonpersistent leading edge. (C and D) Leading edge trajectories as shown previously for cells exposed to uncaging of caged fMLP and
migrating away from the dead end (C) or toward the dead end (D). Note the increase in polarization magnitude after cfMLP uncaging. Red line represents the
uncaging time, while the black line represents the retraction time. (E) Directional decision statistics for cells that were exposed to laser excitation in the
presence of caged fMLP. Cells were grouped according to whether they were longer (“long”) or shorter (“short”) than 40 μm. (F) Scatter plot of the maximum
polarization (negative is toward the dead end) following uncaging and the center of mass (COM) bias directly before retraction. Shown are all short cells
exposed to uncaging and cells in dead-end bifurcations not exposed to uncaging. Gray box marks the region in which cells with a physical bias toward the
open end migrate toward the dead end.
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signal polarized the signaling machinery toward the high chemo-
attractant side, but the response to hydraulic resistance overrode
this signal to direct cell migration. Dynamics of the response of the
cells that entered the open-end channel were similar to those in
the absence of uncaging, with the notable exceptions of chemical
polarization toward the dead end after uncaging (Fig. 4 C and D)
and further extension of the pseudopod down the dead end fol-
lowing uncaging (Fig. S5D). A subset of cells (30%) did enter the
dead-end channel when cfMLP was uncaged (Fig. 4B and Movie
S10). These cells retracted the leading edge that had extended
toward the open end and migrated a short distance into the dead
end, at which point they ceased to continue migrating, but did not
retreat from the dead end. This effect was dependent on the
presence of cfMLP and laser activation, as neither one alone
caused cells to enter the dead-end channels (Fig. S5C). When the
directional choice statistics were analyzed, we found that the cells
that entered the dead-end channel were all short (<40 μm; Fig.
4E). Interestingly, the cells that entered the dead-end channel
exhibited center-of-mass biases both into and away from the final
directional choice, implicating a competition between chemical
and physical inputs at small physical asymmetries (Fig. 4F).

Discussion
Here we have investigated the role of hydraulic pressure gener-
ated by cell migration as a physical input to cellular directionality.
The influence of this input was revealed by observing confined,
chemotactic cells presented with asymmetric hydraulic environ-
ments and demonstrating that they were able to determine the
path of lesser hydraulic resistance, a phenomenon consistent
with the term “barotaxis.” Notably, this choice did not require
chemical cues, unlike previous work using similar bifurcated
channels (21). The decision-making dynamics involved two
phases: (i) generation of an initial physical asymmetry manifest
as differential extension of two leading edges and (ii) retraction

of the leading edge closest to the bifurcation. Together, these
activities resulted in biased migration toward the lower-resistance
channel. Timing of decision-making showed a correlation be-
tween the time to make a decision and cell length (SI Text). By
using a caged form of a chemoattractant, we demonstrated that
hydraulic and chemical inputs compete, with hydraulic overriding
chemical under some circumstances. This competition occurred
downstream of polarized synthesis of PIP3, a canonical chemo-
tactic polarization marker.
From our measurements of the leading edge extension and the

fluid flow in a microchannel, we propose that, as the leading edge
extends, it experiences an external load, namely the column of
fluid ahead of it. By using the equation provided by Fuerstman
et al. (18) [channel dimensions 6 μm wide and 3 μm high, vis-
cosity of water 1 mPa·s, channel length 100 μm, and cell (fluid)
velocity of 0.3 μm/s], we found that the net force to move this
column of water was on the order of 1 pN. Usami et al., ob-
serving confined neutrophils in micropipettes (22), and others in
unconfined settings (23–25), have shown that forces on the order
of tens of nanonewtons are required to stall cell motion.
To understand this potential paradox of how the small forces

associated with water column movement might bias migration,
we note that the forces exerted by the neutrophil are balanced by
the sum of the forces that result from adhesion, hydrodynamic
friction in the thin layer, and the external pressure. Although the
leading edge is relatively labile and free of forces, the rest of the
cell is not. Indeed, forces are likely nonuniform along the neu-
trophil, which is free at either end; in fact, scaling considerations
suggest that there is a characteristic dynamic length scale asso-
ciated with the balance between contraction and friction that
screens the front end of the cell from the back in the straight
channel. Thus, for a sufficiently long cell in a straight channel,
the front and back could become mechanically decoupled. When
the cell has bifurcated into the T-junction, depending on the
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Fig. 4. Physical asymmetry can override chemical activation. (A and B) Time course montages of cells in the presence of caged fMLP exposed to laser ex-
citation. Location of uncaging (white dot) and uncaging time are shown in the second image. Cells migrated toward the open end (A) or toward the dead end
(B), albeit with different statistics. (Scale bar, 10 μm.) The red arrows denote the process of entering the bifurcation, and the yellow arrow denotes the
retraction of the nonpersistent leading edge. (C and D) Leading edge trajectories as shown previously for cells exposed to uncaging of caged fMLP and
migrating away from the dead end (C) or toward the dead end (D). Note the increase in polarization magnitude after cfMLP uncaging. Red line represents the
uncaging time, while the black line represents the retraction time. (E) Directional decision statistics for cells that were exposed to laser excitation in the
presence of caged fMLP. Cells were grouped according to whether they were longer (“long”) or shorter (“short”) than 40 μm. (F) Scatter plot of the maximum
polarization (negative is toward the dead end) following uncaging and the center of mass (COM) bias directly before retraction. Shown are all short cells
exposed to uncaging and cells in dead-end bifurcations not exposed to uncaging. Gray box marks the region in which cells with a physical bias toward the
open end migrate toward the dead end.
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— Competition between chemotaxis and barotaxis

• Chemoattractant fMLP is 
uncaged in dead end.

• Cells respond by 
polarization towards 
chemoattractant in the 
dead end, but tend to 
extend stable extension 
towards the open channel. 

• Majority of cells go 
towards the open end 
(70%) in spite of 
chemoattractant

• Barotaxis (response to 
hydraulic resistance) 
tends to override 
chemotaxis (in this 
system)

Evidence of barotaxis

Retraction time

Uncaging time

Uncaging of 
chemoattractant (white dot)
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Mechanical model of barotaxis
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Model:  

—Cells are described as an active poro-elastic material driven by the cortical actomyosin network

—Key parameters: 

(1) amplitude of the contractile stress (interaction between myosin motors and cortical actin)

(2) cell permeability to the external fluid, which determines the force arising as the cell passes 
through the extracellular fluid.

—Excitability: above a threshold, cells exhibit spontaneous polarization 

Random fluctuations of non-polarized cells are amplified leading to transient contractile activity at a 
pole. This drives spontaneous retrograde flow of the actin cortex, further amplifies and sustains it in a 
feedback. 

 

H. Moreau et al., and R. Voituriez, M. Piel and AM. Lennon-Duménil. 
Developmental Cell 49, 171–188 (2019)

iDC: immature 
dendritic cell
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asymmetry of 20. Therefore, simulated cells did not respond
strongly to HR differences between DE and 20, whereas they
were highly sensitive to HR differences between DE and 3 as
well as DE and 10 (Figure S1C; Data S1). Therefore, both real
and simulated cells display a gradual response to HR with a
sensitivity that depends on absolute HR values.
A key requirement for our barotaxis model to apply is that

confined cells use an adhesion-independent migration mode

that relies on the exertion of minimal forces on their environment.
In agreement with previous findings, we found that iDC velocity
only slightly decreased in PolyEthylene Glycol (PEG)-coated mi-
crochannels (Figure S1D) (L€ammermann et al., 2008; Renkawitz
et al., 2009), showing that they use a non-adhesive migration
mode. iDCs also remained barotactic in these low-friction condi-
tions (Figure S1E). Of note, the model predicted both the de-
creases in migration speed and bias (Figures S1F and S1G).

A

C

D

B

E

F

Figure 1. A Theoretical Framework for Barotaxis
(A) Schematic representation of the model. Gray, simulated cell; orange, surrounding fluid.

(B) Bias of simulated cells is computed as (NLR ! NHR)/(NLR + NHR), where NLR and NHR are the number of cells choosing low and high HR paths, respectively.

A value of 0 corresponds to no bias (50%of cells on each path) and a value of 1 corresponds to full bias (100%of cells choosing the low HR path). The percentage

of cells choosing the low HR path is indicated on the right axis. n = 10,000 simulations per condition. The parameters are listed in Table S1 (see Data S1).

(C) Transmitted light images of microfluidic chips exhibiting different HR on both bifurcation arms. Calculated values of HR relative asymmetry are indicated

above each bifurcation. DE: dead-end.

(D) Example of an iDCmigrating in a bifurcation ([R +DR]/R = 5, channel cross-section < 20 mm2) and choosing the low resistance path. The cell was highlighted in

light orange for clarity.

(E) Bias of HL60 cells toward the low HR path for the bifurcations shown in (C). Data are pooled from 5 independent experiments where n = 230, 246, 57, 356,

and 34.

(F) Bias of iDCs toward the lowHR path for the bifurcations shown in (C). Data are pooled from 11 independent experiments, where n = 254, 291, 157, 478, and 60.

Statistics: all error bars correspond to SEM. Statistics of graph bars show the difference in the value 0 calculated by a binomial test (one-tail p values hypothesis:

probability of success > 0.5). Statistical differences between bars were determined by contingency table and Fisher exact test (one-tail p values hypothesis:

increasing HR relative asymmetry increases probability of success).

See also Figure S1 and Video S1.
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Model:  

—Cells are described as an active poro-elastic material driven by the cortical actomyosin network

—Key parameters: 

(1) amplitude of the contractile stress (interaction between myosin motors and cortical actin)

(2) cell permeability to the external fluid, which determines the force arising as the cell passes 
through the extracellular fluid.

—Excitability: above a threshold, cells exhibit spontaneous polarization 

Random fluctuations of non-polarized cells are amplified leading to transient contractile activity at a 
pole. This drives spontaneous retrograde flow of the actin cortex, further amplifies and sustains it in a 
feedback. 

 

Mechanical model of barotaxis
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H. Moreau et al., and R. Voituriez, M. Piel and AM. Lennon-Duménil. 
Developmental Cell 49, 171–188 (2019)

• In silico and in vivo: Extension rates of both pseudopods are similar prior to retraction of 
one of the pseudopods, in both symmetric and asymmetric bifurcations. 

• The fact that the behavior is the same in symmetric or asymmetric bifurcations indicate 
that the directional bias does not stem form hydraulic resistance slowing down 
pseudopod extension per se, and that there is an inherent instability in the system.

Mechanism of barotaxis

— Role of hydraulic resistance on cell pseudopod extension rate? 
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H. Moreau et al., and R. Voituriez, M. Piel and AM. Lennon-Duménil. 
Developmental Cell 49, 171–188 (2019)

Mechanism of barotaxis

• A small force imbalance arising 
from asymmetry in hydraulic 
resistance between the two cell 
arms is amplified by the excitable 
actomyosin system

• In silico and in vivo: Random cell 
repolarization of the cells:  actin 
and myosinII accumulate in the 
stalling and retracting pseudopod

— Effect of hydraulic resistance is amplified by excitable contractility of cell cortex

A B

DC

E F G

I J
H

Figure 3. Actomyosin Polarity Determines Barotaxis
(A) Bias of simulated cells toward the low HR path in asymmetric (DE/1 in Figure 1C) bifurcations as a function of relative variations of polymerization source (f0),

depolymerization rate (kd), and contractility ( 3). The referential parameters are listed in Table S1 (see Supplemental Information). n = 10,000 simulations.

(B) Normalized actin density profiles (corresponding density maps below) of simulated cells as in (A).

(legend continued on next page)
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Figure 3. Actomyosin Polarity Determines Barotaxis
(A) Bias of simulated cells toward the low HR path in asymmetric (DE/1 in Figure 1C) bifurcations as a function of relative variations of polymerization source (f0),

depolymerization rate (kd), and contractility ( 3). The referential parameters are listed in Table S1 (see Supplemental Information). n = 10,000 simulations.

(B) Normalized actin density profiles (corresponding density maps below) of simulated cells as in (A).
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Figure 3. Actomyosin Polarity Determines Barotaxis
(A) Bias of simulated cells toward the low HR path in asymmetric (DE/1 in Figure 1C) bifurcations as a function of relative variations of polymerization source (f0),

depolymerization rate (kd), and contractility ( 3). The referential parameters are listed in Table S1 (see Supplemental Information). n = 10,000 simulations.

(B) Normalized actin density profiles (corresponding density maps below) of simulated cells as in (A).

(legend continued on next page)
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• Cell depolarization correlates with and is required for cell directional bias at a channel bifurcation
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Figure 3. Actomyosin Polarity Determines Barotaxis
(A) Bias of simulated cells toward the low HR path in asymmetric (DE/1 in Figure 1C) bifurcations as a function of relative variations of polymerization source (f0),

depolymerization rate (kd), and contractility ( 3). The referential parameters are listed in Table S1 (see Supplemental Information). n = 10,000 simulations.

(B) Normalized actin density profiles (corresponding density maps below) of simulated cells as in (A).

(legend continued on next page)

176 Developmental Cell 49, 171–188, April 22, 2019
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Mechanism of barotaxis
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Fig. 3. Hydrostatic pressure induces intracellular calcium increase via TRPM7 activation. (A to C) Normalized calcium signal intensity of vehicle control and drug-
treated or TRPM7 knockout (KO) MDA-MB-231 cells on 2D following the application of a 3-Pa hydrostatic pressure differential at t = 0 min (n > 30 cells from three
independent experiments). All signal intensities are normalized to those of the respective unstimulated controls. Data represent means ± SEM. (D) Time course of
whole-cell TRPM7 cationic currents recorded at +100 and −100 mV in a HEK293 cell transfected with mouse TRPM7 and exposed to a 30-Pa increase in hydrostatic
pressure followed by exposure to 10 mM FTY720. (E) Current-voltage relationships of whole-cell cationic currents in HEK293 cells expressing mouse TRPM7 (top) or
enhanced green fluorescent protein (EGFP; bottom) under basal conditions and after the application of a 30-Pa hydrostatic pressure differential in the presence or
absence of FTY720. (F) Mean current densities measured under the different experimental conditions shown in (E). TRPM7-expressing cells (n = 8) and EGFP-expressing
cells (n = 3). *P < 0.05, ***P < 0.002 for 30 Pa versus any other condition by Kruskal-Wallis followed by Dunn’s post hoc test. (G) Representative image sequence
depicting the MIIA-GFP signal of an MDA-MB-231 cell before and after the application of a 3-Pa hydrostatic pressure differential. Pressure is applied right after
(ii). Scale bar, 20 mm. (v) Kymograph of the line scan shown in (i) to (iv). The yellow arrow indicates the first frame after the application of a hydrostatic pressure
differential. In (i) to (iv), following image segmentation, each pixel’s intensity value was assigned a color according to ImageJ’s fire heat map for visualization
purposes. (H) Normalized cortex width and (I) normalized integrated cortical signal intensity of MIIA-GFP–labeled MDA-MB-231 cells following the application of
a 3-Pa hydrostatic pressure differential at t = 0 min in response to vehicle control (n > 20 cells from three independent experiments), LatA, and/or FTY720 treatments
(n > 5 cells for each condition from two experiments). Data are normalized to the initial (treated or untreated) values at t = −22 min before the application of hydrostatic
pressure. (J) Normalized width and average fluorescence intensity of cortical actin and myosin measured by LifeAct-Ruby2– and MIIA-GFP–labeled MDA-MB-231 cells, respec-
tively, immediately after the application of a 3-Pa hydrostatic pressure differential (n > 20 cells from three independent experiments). Data are normalized to the values right
before the hydrostatic pressure exposure. Mann-Whitney U test was performed, ****P < 0.0001 relative to width of actin or myosin cortex before hydrostatic pressure exposure
and #P < 0.05 relative to signal intensity of cortical myosin before the application of hydrostatic pressure.
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Fig. 3. Hydrostatic pressure induces intracellular calcium increase via TRPM7 activation. (A to C) Normalized calcium signal intensity of vehicle control and drug-
treated or TRPM7 knockout (KO) MDA-MB-231 cells on 2D following the application of a 3-Pa hydrostatic pressure differential at t = 0 min (n > 30 cells from three
independent experiments). All signal intensities are normalized to those of the respective unstimulated controls. Data represent means ± SEM. (D) Time course of
whole-cell TRPM7 cationic currents recorded at +100 and −100 mV in a HEK293 cell transfected with mouse TRPM7 and exposed to a 30-Pa increase in hydrostatic
pressure followed by exposure to 10 mM FTY720. (E) Current-voltage relationships of whole-cell cationic currents in HEK293 cells expressing mouse TRPM7 (top) or
enhanced green fluorescent protein (EGFP; bottom) under basal conditions and after the application of a 30-Pa hydrostatic pressure differential in the presence or
absence of FTY720. (F) Mean current densities measured under the different experimental conditions shown in (E). TRPM7-expressing cells (n = 8) and EGFP-expressing
cells (n = 3). *P < 0.05, ***P < 0.002 for 30 Pa versus any other condition by Kruskal-Wallis followed by Dunn’s post hoc test. (G) Representative image sequence
depicting the MIIA-GFP signal of an MDA-MB-231 cell before and after the application of a 3-Pa hydrostatic pressure differential. Pressure is applied right after
(ii). Scale bar, 20 mm. (v) Kymograph of the line scan shown in (i) to (iv). The yellow arrow indicates the first frame after the application of a hydrostatic pressure
differential. In (i) to (iv), following image segmentation, each pixel’s intensity value was assigned a color according to ImageJ’s fire heat map for visualization
purposes. (H) Normalized cortex width and (I) normalized integrated cortical signal intensity of MIIA-GFP–labeled MDA-MB-231 cells following the application of
a 3-Pa hydrostatic pressure differential at t = 0 min in response to vehicle control (n > 20 cells from three independent experiments), LatA, and/or FTY720 treatments
(n > 5 cells for each condition from two experiments). Data are normalized to the initial (treated or untreated) values at t = −22 min before the application of hydrostatic
pressure. (J) Normalized width and average fluorescence intensity of cortical actin and myosin measured by LifeAct-Ruby2– and MIIA-GFP–labeled MDA-MB-231 cells, respec-
tively, immediately after the application of a 3-Pa hydrostatic pressure differential (n > 20 cells from three independent experiments). Data are normalized to the values right
before the hydrostatic pressure exposure. Mann-Whitney U test was performed, ****P < 0.0001 relative to width of actin or myosin cortex before hydrostatic pressure exposure
and #P < 0.05 relative to signal intensity of cortical myosin before the application of hydrostatic pressure.
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• Application of 3Pa hydrostatic 
pressure increases intracellular 
calcium concentration in cancer cell 
lines 

• This requires presence and activation 
of the mechanosensitive, stretch-
activated TRP channel TRPM7 
(membrane tension)

R. Zhao et al., and K. Konstantinopoulos.  Science. Advances. 5:eaaw7243 (2019) 

FTY720 : inhibitor of TRPM7
GsMTx-4: Piezo1/2 inhibitor
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Fig. 3. Hydrostatic pressure induces intracellular calcium increase via TRPM7 activation. (A to C) Normalized calcium signal intensity of vehicle control and drug-
treated or TRPM7 knockout (KO) MDA-MB-231 cells on 2D following the application of a 3-Pa hydrostatic pressure differential at t = 0 min (n > 30 cells from three
independent experiments). All signal intensities are normalized to those of the respective unstimulated controls. Data represent means ± SEM. (D) Time course of
whole-cell TRPM7 cationic currents recorded at +100 and −100 mV in a HEK293 cell transfected with mouse TRPM7 and exposed to a 30-Pa increase in hydrostatic
pressure followed by exposure to 10 mM FTY720. (E) Current-voltage relationships of whole-cell cationic currents in HEK293 cells expressing mouse TRPM7 (top) or
enhanced green fluorescent protein (EGFP; bottom) under basal conditions and after the application of a 30-Pa hydrostatic pressure differential in the presence or
absence of FTY720. (F) Mean current densities measured under the different experimental conditions shown in (E). TRPM7-expressing cells (n = 8) and EGFP-expressing
cells (n = 3). *P < 0.05, ***P < 0.002 for 30 Pa versus any other condition by Kruskal-Wallis followed by Dunn’s post hoc test. (G) Representative image sequence
depicting the MIIA-GFP signal of an MDA-MB-231 cell before and after the application of a 3-Pa hydrostatic pressure differential. Pressure is applied right after
(ii). Scale bar, 20 mm. (v) Kymograph of the line scan shown in (i) to (iv). The yellow arrow indicates the first frame after the application of a hydrostatic pressure
differential. In (i) to (iv), following image segmentation, each pixel’s intensity value was assigned a color according to ImageJ’s fire heat map for visualization
purposes. (H) Normalized cortex width and (I) normalized integrated cortical signal intensity of MIIA-GFP–labeled MDA-MB-231 cells following the application of
a 3-Pa hydrostatic pressure differential at t = 0 min in response to vehicle control (n > 20 cells from three independent experiments), LatA, and/or FTY720 treatments
(n > 5 cells for each condition from two experiments). Data are normalized to the initial (treated or untreated) values at t = −22 min before the application of hydrostatic
pressure. (J) Normalized width and average fluorescence intensity of cortical actin and myosin measured by LifeAct-Ruby2– and MIIA-GFP–labeled MDA-MB-231 cells, respec-
tively, immediately after the application of a 3-Pa hydrostatic pressure differential (n > 20 cells from three independent experiments). Data are normalized to the values right
before the hydrostatic pressure exposure. Mann-Whitney U test was performed, ****P < 0.0001 relative to width of actin or myosin cortex before hydrostatic pressure exposure
and #P < 0.05 relative to signal intensity of cortical myosin before the application of hydrostatic pressure.
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Fig. 3. Hydrostatic pressure induces intracellular calcium increase via TRPM7 activation. (A to C) Normalized calcium signal intensity of vehicle control and drug-
treated or TRPM7 knockout (KO) MDA-MB-231 cells on 2D following the application of a 3-Pa hydrostatic pressure differential at t = 0 min (n > 30 cells from three
independent experiments). All signal intensities are normalized to those of the respective unstimulated controls. Data represent means ± SEM. (D) Time course of
whole-cell TRPM7 cationic currents recorded at +100 and −100 mV in a HEK293 cell transfected with mouse TRPM7 and exposed to a 30-Pa increase in hydrostatic
pressure followed by exposure to 10 mM FTY720. (E) Current-voltage relationships of whole-cell cationic currents in HEK293 cells expressing mouse TRPM7 (top) or
enhanced green fluorescent protein (EGFP; bottom) under basal conditions and after the application of a 30-Pa hydrostatic pressure differential in the presence or
absence of FTY720. (F) Mean current densities measured under the different experimental conditions shown in (E). TRPM7-expressing cells (n = 8) and EGFP-expressing
cells (n = 3). *P < 0.05, ***P < 0.002 for 30 Pa versus any other condition by Kruskal-Wallis followed by Dunn’s post hoc test. (G) Representative image sequence
depicting the MIIA-GFP signal of an MDA-MB-231 cell before and after the application of a 3-Pa hydrostatic pressure differential. Pressure is applied right after
(ii). Scale bar, 20 mm. (v) Kymograph of the line scan shown in (i) to (iv). The yellow arrow indicates the first frame after the application of a hydrostatic pressure
differential. In (i) to (iv), following image segmentation, each pixel’s intensity value was assigned a color according to ImageJ’s fire heat map for visualization
purposes. (H) Normalized cortex width and (I) normalized integrated cortical signal intensity of MIIA-GFP–labeled MDA-MB-231 cells following the application of
a 3-Pa hydrostatic pressure differential at t = 0 min in response to vehicle control (n > 20 cells from three independent experiments), LatA, and/or FTY720 treatments
(n > 5 cells for each condition from two experiments). Data are normalized to the initial (treated or untreated) values at t = −22 min before the application of hydrostatic
pressure. (J) Normalized width and average fluorescence intensity of cortical actin and myosin measured by LifeAct-Ruby2– and MIIA-GFP–labeled MDA-MB-231 cells, respec-
tively, immediately after the application of a 3-Pa hydrostatic pressure differential (n > 20 cells from three independent experiments). Data are normalized to the values right
before the hydrostatic pressure exposure. Mann-Whitney U test was performed, ****P < 0.0001 relative to width of actin or myosin cortex before hydrostatic pressure exposure
and #P < 0.05 relative to signal intensity of cortical myosin before the application of hydrostatic pressure.
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• Cortical actomyosin is induced following 
application of hydrostatic pressure. 

• This requires TRPM7 activation

— Hydrostatic pressure induces cortical contractility
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Mechanism of barotaxis

faster extension protrusion rate along the lower resistance channel ob-
served for neutrophil-like HL60 cells (5), tumor cells display a lower
protrusion growth rate in channels of lower resistance, which is in line
with the lower MIIA-GFP signal in these channels. Last, we demon-
strate that cell distribution in branch channels of different hydraulic
resistances and cross-sectional areas is captured by a mathematical
model based on the maximum entropy principle (MEP).

RESULTS
Cell decision-making strategies and protrusion dynamics at
trifurcating microchannels of different hydraulic resistances
To study the decision-making strategy of migrating cells when
presented with different paths, we fabricated a polydimethylsiloxane

(PDMS)–based microfluidic device consisting of an array of trifurcat-
ing Y-like microchannels coated with collagen I (Fig. 1A and fig.
S1A). In this configuration, cells entered from a cell-seeding reservoir
(3, 10) andmigrated inside a 200-mm-long feedermicrochannel before
reaching a trifurcation. The height, H, and width, W, of the feeder
microchannels are 3 and 10 mm, respectively, thereby forcing MDA-
MB-231 breast cancer cells andHT1080 fibrosarcoma cells to occupy
the entire 30-mm2 cross-sectional area. The dimensions of the three
branch channels are distinct (Fig. 1A and fig. S1A), thereby en-
abling us to expose cells to different hydraulic resistances (Fig. 1B
and fig. S1B) (11). Specifically, the cross-sectional area of the right
branch channel (H = 3 mm ×W = 20 mm) was set to be twice as large
as that of the left or straight branches (H = 3 mm ×W = 10 mm). The
hydraulic resistance of the right branch channel varied from lowest
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Fig. 1. Decision-making strategy and cell dynamics at trifurcating Y-like branch channels of different hydraulic resistances. (A) Phase contrast image of a Y-like
trifurcating microfluidic device. The relative hydraulic resistance of each branch channel is indicated. Scale bar, 50 mm. (B) Absolute values of the hydraulic resistance of
each branch channel shown in (A). (C) Distribution pattern of MDA-MB-231 and HT1080 cells in branch channels of different hydraulic resistances (n > 70 from three
independent experiments for each cell line). Data represent the mean with 95% confidence interval. (D) Evaluation of protrusion dynamics of LifeAct-GFP H2B-mCherry
MDA-MB-231 cells at the trifurcation. (i) Representative cell in the feeder channel before reaching the intersection. l0 is defined as the overall cell front-rear length. (ii) Rep-
resentative cell at the intersection. lp is defined as the protrusion length inside the branch. (iii) Representative cell entering the right branch channel after decision is made. lp is
defined as the distance between the leading edge of the cell and the nucleus. Scale bars, 20 mm. The contrast of the fluorescent signals has been increased in all images
uniformly for visualization purposes. (E) Normalized protrusion length (lp/l0) for cells choosing the straight branch channel (n = 14) over time. Red line represents the moving
average. At t0, cells first reached the intersection; at t1, the decision was made; and at t2, the nucleus fully entered the branch channel at the trifurcation. (F) Cell entry time, t2 −
t1, in branch channels of different hydraulic resistances (n > 10 cells for each branch from >3 independent experiments). Data represent the means ± SD; Kruskal-Wallis with
post hoc Dunn was performed, *P < 0.05 and ***P < 0.001 relative to the cells choosing the straight branch. (G) Normalized leading protrusion growth rate for cells entering
branch channels of different hydraulic resistances (n > 10 for each branch from >3 independent experiments). Data represent the means ± SD; one-way analysis of variance
(ANOVA) with post hoc Tukey was performed, *P < 0.05 relative to the cells choosing the straight branch.
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faster extension protrusion rate along the lower resistance channel ob-
served for neutrophil-like HL60 cells (5), tumor cells display a lower
protrusion growth rate in channels of lower resistance, which is in line
with the lower MIIA-GFP signal in these channels. Last, we demon-
strate that cell distribution in branch channels of different hydraulic
resistances and cross-sectional areas is captured by a mathematical
model based on the maximum entropy principle (MEP).

RESULTS
Cell decision-making strategies and protrusion dynamics at
trifurcating microchannels of different hydraulic resistances
To study the decision-making strategy of migrating cells when
presented with different paths, we fabricated a polydimethylsiloxane

(PDMS)–based microfluidic device consisting of an array of trifurcat-
ing Y-like microchannels coated with collagen I (Fig. 1A and fig.
S1A). In this configuration, cells entered from a cell-seeding reservoir
(3, 10) andmigrated inside a 200-mm-long feedermicrochannel before
reaching a trifurcation. The height, H, and width, W, of the feeder
microchannels are 3 and 10 mm, respectively, thereby forcing MDA-
MB-231 breast cancer cells andHT1080 fibrosarcoma cells to occupy
the entire 30-mm2 cross-sectional area. The dimensions of the three
branch channels are distinct (Fig. 1A and fig. S1A), thereby en-
abling us to expose cells to different hydraulic resistances (Fig. 1B
and fig. S1B) (11). Specifically, the cross-sectional area of the right
branch channel (H = 3 mm ×W = 20 mm) was set to be twice as large
as that of the left or straight branches (H = 3 mm ×W = 10 mm). The
hydraulic resistance of the right branch channel varied from lowest
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Fig. 1. Decision-making strategy and cell dynamics at trifurcating Y-like branch channels of different hydraulic resistances. (A) Phase contrast image of a Y-like
trifurcating microfluidic device. The relative hydraulic resistance of each branch channel is indicated. Scale bar, 50 mm. (B) Absolute values of the hydraulic resistance of
each branch channel shown in (A). (C) Distribution pattern of MDA-MB-231 and HT1080 cells in branch channels of different hydraulic resistances (n > 70 from three
independent experiments for each cell line). Data represent the mean with 95% confidence interval. (D) Evaluation of protrusion dynamics of LifeAct-GFP H2B-mCherry
MDA-MB-231 cells at the trifurcation. (i) Representative cell in the feeder channel before reaching the intersection. l0 is defined as the overall cell front-rear length. (ii) Rep-
resentative cell at the intersection. lp is defined as the protrusion length inside the branch. (iii) Representative cell entering the right branch channel after decision is made. lp is
defined as the distance between the leading edge of the cell and the nucleus. Scale bars, 20 mm. The contrast of the fluorescent signals has been increased in all images
uniformly for visualization purposes. (E) Normalized protrusion length (lp/l0) for cells choosing the straight branch channel (n = 14) over time. Red line represents the moving
average. At t0, cells first reached the intersection; at t1, the decision was made; and at t2, the nucleus fully entered the branch channel at the trifurcation. (F) Cell entry time, t2 −
t1, in branch channels of different hydraulic resistances (n > 10 cells for each branch from >3 independent experiments). Data represent the means ± SD; Kruskal-Wallis with
post hoc Dunn was performed, *P < 0.05 and ***P < 0.001 relative to the cells choosing the straight branch. (G) Normalized leading protrusion growth rate for cells entering
branch channels of different hydraulic resistances (n > 10 for each branch from >3 independent experiments). Data represent the means ± SD; one-way analysis of variance
(ANOVA) with post hoc Tukey was performed, *P < 0.05 relative to the cells choosing the straight branch.
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faster extension protrusion rate along the lower resistance channel ob-
served for neutrophil-like HL60 cells (5), tumor cells display a lower
protrusion growth rate in channels of lower resistance, which is in line
with the lower MIIA-GFP signal in these channels. Last, we demon-
strate that cell distribution in branch channels of different hydraulic
resistances and cross-sectional areas is captured by a mathematical
model based on the maximum entropy principle (MEP).

RESULTS
Cell decision-making strategies and protrusion dynamics at
trifurcating microchannels of different hydraulic resistances
To study the decision-making strategy of migrating cells when
presented with different paths, we fabricated a polydimethylsiloxane

(PDMS)–based microfluidic device consisting of an array of trifurcat-
ing Y-like microchannels coated with collagen I (Fig. 1A and fig.
S1A). In this configuration, cells entered from a cell-seeding reservoir
(3, 10) andmigrated inside a 200-mm-long feedermicrochannel before
reaching a trifurcation. The height, H, and width, W, of the feeder
microchannels are 3 and 10 mm, respectively, thereby forcing MDA-
MB-231 breast cancer cells andHT1080 fibrosarcoma cells to occupy
the entire 30-mm2 cross-sectional area. The dimensions of the three
branch channels are distinct (Fig. 1A and fig. S1A), thereby en-
abling us to expose cells to different hydraulic resistances (Fig. 1B
and fig. S1B) (11). Specifically, the cross-sectional area of the right
branch channel (H = 3 mm ×W = 20 mm) was set to be twice as large
as that of the left or straight branches (H = 3 mm ×W = 10 mm). The
hydraulic resistance of the right branch channel varied from lowest
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Fig. 1. Decision-making strategy and cell dynamics at trifurcating Y-like branch channels of different hydraulic resistances. (A) Phase contrast image of a Y-like
trifurcating microfluidic device. The relative hydraulic resistance of each branch channel is indicated. Scale bar, 50 mm. (B) Absolute values of the hydraulic resistance of
each branch channel shown in (A). (C) Distribution pattern of MDA-MB-231 and HT1080 cells in branch channels of different hydraulic resistances (n > 70 from three
independent experiments for each cell line). Data represent the mean with 95% confidence interval. (D) Evaluation of protrusion dynamics of LifeAct-GFP H2B-mCherry
MDA-MB-231 cells at the trifurcation. (i) Representative cell in the feeder channel before reaching the intersection. l0 is defined as the overall cell front-rear length. (ii) Rep-
resentative cell at the intersection. lp is defined as the protrusion length inside the branch. (iii) Representative cell entering the right branch channel after decision is made. lp is
defined as the distance between the leading edge of the cell and the nucleus. Scale bars, 20 mm. The contrast of the fluorescent signals has been increased in all images
uniformly for visualization purposes. (E) Normalized protrusion length (lp/l0) for cells choosing the straight branch channel (n = 14) over time. Red line represents the moving
average. At t0, cells first reached the intersection; at t1, the decision was made; and at t2, the nucleus fully entered the branch channel at the trifurcation. (F) Cell entry time, t2 −
t1, in branch channels of different hydraulic resistances (n > 10 cells for each branch from >3 independent experiments). Data represent the means ± SD; Kruskal-Wallis with
post hoc Dunn was performed, *P < 0.05 and ***P < 0.001 relative to the cells choosing the straight branch. (G) Normalized leading protrusion growth rate for cells entering
branch channels of different hydraulic resistances (n > 10 for each branch from >3 independent experiments). Data represent the means ± SD; one-way analysis of variance
(ANOVA) with post hoc Tukey was performed, *P < 0.05 relative to the cells choosing the straight branch.
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faster extension protrusion rate along the lower resistance channel ob-
served for neutrophil-like HL60 cells (5), tumor cells display a lower
protrusion growth rate in channels of lower resistance, which is in line
with the lower MIIA-GFP signal in these channels. Last, we demon-
strate that cell distribution in branch channels of different hydraulic
resistances and cross-sectional areas is captured by a mathematical
model based on the maximum entropy principle (MEP).

RESULTS
Cell decision-making strategies and protrusion dynamics at
trifurcating microchannels of different hydraulic resistances
To study the decision-making strategy of migrating cells when
presented with different paths, we fabricated a polydimethylsiloxane

(PDMS)–based microfluidic device consisting of an array of trifurcat-
ing Y-like microchannels coated with collagen I (Fig. 1A and fig.
S1A). In this configuration, cells entered from a cell-seeding reservoir
(3, 10) andmigrated inside a 200-mm-long feedermicrochannel before
reaching a trifurcation. The height, H, and width, W, of the feeder
microchannels are 3 and 10 mm, respectively, thereby forcing MDA-
MB-231 breast cancer cells andHT1080 fibrosarcoma cells to occupy
the entire 30-mm2 cross-sectional area. The dimensions of the three
branch channels are distinct (Fig. 1A and fig. S1A), thereby en-
abling us to expose cells to different hydraulic resistances (Fig. 1B
and fig. S1B) (11). Specifically, the cross-sectional area of the right
branch channel (H = 3 mm ×W = 20 mm) was set to be twice as large
as that of the left or straight branches (H = 3 mm ×W = 10 mm). The
hydraulic resistance of the right branch channel varied from lowest
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Fig. 1. Decision-making strategy and cell dynamics at trifurcating Y-like branch channels of different hydraulic resistances. (A) Phase contrast image of a Y-like
trifurcating microfluidic device. The relative hydraulic resistance of each branch channel is indicated. Scale bar, 50 mm. (B) Absolute values of the hydraulic resistance of
each branch channel shown in (A). (C) Distribution pattern of MDA-MB-231 and HT1080 cells in branch channels of different hydraulic resistances (n > 70 from three
independent experiments for each cell line). Data represent the mean with 95% confidence interval. (D) Evaluation of protrusion dynamics of LifeAct-GFP H2B-mCherry
MDA-MB-231 cells at the trifurcation. (i) Representative cell in the feeder channel before reaching the intersection. l0 is defined as the overall cell front-rear length. (ii) Rep-
resentative cell at the intersection. lp is defined as the protrusion length inside the branch. (iii) Representative cell entering the right branch channel after decision is made. lp is
defined as the distance between the leading edge of the cell and the nucleus. Scale bars, 20 mm. The contrast of the fluorescent signals has been increased in all images
uniformly for visualization purposes. (E) Normalized protrusion length (lp/l0) for cells choosing the straight branch channel (n = 14) over time. Red line represents the moving
average. At t0, cells first reached the intersection; at t1, the decision was made; and at t2, the nucleus fully entered the branch channel at the trifurcation. (F) Cell entry time, t2 −
t1, in branch channels of different hydraulic resistances (n > 10 cells for each branch from >3 independent experiments). Data represent the means ± SD; Kruskal-Wallis with
post hoc Dunn was performed, *P < 0.05 and ***P < 0.001 relative to the cells choosing the straight branch. (G) Normalized leading protrusion growth rate for cells entering
branch channels of different hydraulic resistances (n > 10 for each branch from >3 independent experiments). Data represent the means ± SD; one-way analysis of variance
(ANOVA) with post hoc Tukey was performed, *P < 0.05 relative to the cells choosing the straight branch.
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• At channel trifurcation 
cancer cells choose path of 
least hydraulic resistance

with the relative magnitude of the respective channel’s hydraulic
resistance (Fig. 5C). TRPM7 KO abolished these correlations for both
actin and myosin. The finding that the LifeAct-GFP and MIIA-GFP
signals are lowest inside the branch channel of least hydraulic
resistance may help explain the counterintuitive result of the lowest
protrusion growth rate detected in this branch channel (Fig. 1G).

To extend our observations, we tracked the intensity of LifeAct-
GFP and MIIA-GFP signals in bleb-based protrusions as a function

of a wide range of hydraulic resistances in different microfluidic de-
signs (fig. S5A and table S1). While LifeAct-GFP intensity increased
monotonically with increasing hydraulic resistance, it plateaued at
the resistance threshold of 1× (channel of W × H × L = 10 mm ×
3 mm × 320 mm) (Fig. 5D, inset). On the other hand, the MIIA-
GFP signal intensity correlated directly and quantitatively with hy-
draulic resistance over the entire range of resistances examined in
this work (Fig. 5D). We also tracked two additional parameters as
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Fig. 4. TRPM7 is a key mechanosensor that directs decision-making in channels of lower hydraulic resistance. (A) Representative images of calcium signal
intensity of (i) control, (ii) TRPM7-KO, and (iii) para-nitroblebbistatin–treated cells once they first reached and occupied the entire intersection of 1×-0.6×-2.2× devices.
Following image segmentation, oversaturated pixels indicating high calcium intensity within vacuoles/organelles were blackened, and then each pixel’s intensity value
was assigned a color according to ImageJ’s fire heat map for visualization purposes. The borders of the microchannels are depicted by thin white lines. (B) Normalized
calcium signal intensity within each protrusion of MDA-MB-231 control, TRPM7-KO, and para-nitroblebbistatin-treated cells in branches of different hydraulic resistances
(n = 10 cells from >3 independent experiments). Data represent the means ± SD. Kruskal-Wallis with post hoc Tukey was performed. *P < 0.05, ****P < 0.0001 relative to
cells in 1× channel. n.s., not statistically significant relative to 1× channel. (C) Distribution pattern of MDA-MB-231 cells in branch channels of different hydraulic
resistances in response to different pharmacological (BaptaAM, 2-APB, and FTY720) or molecular interventions (TRPM7 KO) as compared to the pattern predicted
by the branch channel cross-sectional area partition (n > 70 cells from three independent experiments for each condition). Data represent the mean with 95% con-
fidence interval. P < 0.05 for all treatments relative to controls as indicated by c2 test. (D) Phase contrast image of a Y-like trifurcating microfluidic device with branches
of identical cross-sectional areas but distinct hydraulic resistances. The relative hydraulic resistance of each branch channel is indicated. Scale bar, 50 mm.
(E) Distribution pattern of scramble control, TRPM7-KO, and MIIA-KD MDA-MB-231 cells in branch channels of the device shown in (D) (n > 70 cells from
three independent experiments). Data represent the mean with 95% confidence interval. P < 0.05 for all treatments relative to controls as indicated by c2

test. (F) Phase contrast image of a Y-like trifurcating microfluidic device with branches of identical hydraulic resistances but different cross-sectional areas.
The cross-sectional area of each branch channel is indicated. Scale bar, 50 mm. (G) Distribution pattern of scramble control, TRPM7-KO, and MIIA-KD MDA-MB-231
cells in branch channels of the device shown in (F) (n > 60 cells from three independent experiments). Data represent the mean with 95% confidence interval.
P < 0.05 for all treatments relative to controls as indicated by c2 test.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019 7 of 15

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 09, 2022

with the relative magnitude of the respective channel’s hydraulic
resistance (Fig. 5C). TRPM7 KO abolished these correlations for both
actin and myosin. The finding that the LifeAct-GFP and MIIA-GFP
signals are lowest inside the branch channel of least hydraulic
resistance may help explain the counterintuitive result of the lowest
protrusion growth rate detected in this branch channel (Fig. 1G).

To extend our observations, we tracked the intensity of LifeAct-
GFP and MIIA-GFP signals in bleb-based protrusions as a function

of a wide range of hydraulic resistances in different microfluidic de-
signs (fig. S5A and table S1). While LifeAct-GFP intensity increased
monotonically with increasing hydraulic resistance, it plateaued at
the resistance threshold of 1× (channel of W × H × L = 10 mm ×
3 mm × 320 mm) (Fig. 5D, inset). On the other hand, the MIIA-
GFP signal intensity correlated directly and quantitatively with hy-
draulic resistance over the entire range of resistances examined in
this work (Fig. 5D). We also tracked two additional parameters as
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Fig. 4. TRPM7 is a key mechanosensor that directs decision-making in channels of lower hydraulic resistance. (A) Representative images of calcium signal
intensity of (i) control, (ii) TRPM7-KO, and (iii) para-nitroblebbistatin–treated cells once they first reached and occupied the entire intersection of 1×-0.6×-2.2× devices.
Following image segmentation, oversaturated pixels indicating high calcium intensity within vacuoles/organelles were blackened, and then each pixel’s intensity value
was assigned a color according to ImageJ’s fire heat map for visualization purposes. The borders of the microchannels are depicted by thin white lines. (B) Normalized
calcium signal intensity within each protrusion of MDA-MB-231 control, TRPM7-KO, and para-nitroblebbistatin-treated cells in branches of different hydraulic resistances
(n = 10 cells from >3 independent experiments). Data represent the means ± SD. Kruskal-Wallis with post hoc Tukey was performed. *P < 0.05, ****P < 0.0001 relative to
cells in 1× channel. n.s., not statistically significant relative to 1× channel. (C) Distribution pattern of MDA-MB-231 cells in branch channels of different hydraulic
resistances in response to different pharmacological (BaptaAM, 2-APB, and FTY720) or molecular interventions (TRPM7 KO) as compared to the pattern predicted
by the branch channel cross-sectional area partition (n > 70 cells from three independent experiments for each condition). Data represent the mean with 95% con-
fidence interval. P < 0.05 for all treatments relative to controls as indicated by c2 test. (D) Phase contrast image of a Y-like trifurcating microfluidic device with branches
of identical cross-sectional areas but distinct hydraulic resistances. The relative hydraulic resistance of each branch channel is indicated. Scale bar, 50 mm.
(E) Distribution pattern of scramble control, TRPM7-KO, and MIIA-KD MDA-MB-231 cells in branch channels of the device shown in (D) (n > 70 cells from
three independent experiments). Data represent the mean with 95% confidence interval. P < 0.05 for all treatments relative to controls as indicated by c2

test. (F) Phase contrast image of a Y-like trifurcating microfluidic device with branches of identical hydraulic resistances but different cross-sectional areas.
The cross-sectional area of each branch channel is indicated. Scale bar, 50 mm. (G) Distribution pattern of scramble control, TRPM7-KO, and MIIA-KD MDA-MB-231
cells in branch channels of the device shown in (F) (n > 60 cells from three independent experiments). Data represent the mean with 95% confidence interval.
P < 0.05 for all treatments relative to controls as indicated by c2 test.
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• Calcium is induced at cell 
trifurcation and its 
magnitude scales with the 
hydraulic resistance

• This requires TRPM7 and 
MyosinII contractility

with the relative magnitude of the respective channel’s hydraulic
resistance (Fig. 5C). TRPM7 KO abolished these correlations for both
actin and myosin. The finding that the LifeAct-GFP and MIIA-GFP
signals are lowest inside the branch channel of least hydraulic
resistance may help explain the counterintuitive result of the lowest
protrusion growth rate detected in this branch channel (Fig. 1G).

To extend our observations, we tracked the intensity of LifeAct-
GFP and MIIA-GFP signals in bleb-based protrusions as a function

of a wide range of hydraulic resistances in different microfluidic de-
signs (fig. S5A and table S1). While LifeAct-GFP intensity increased
monotonically with increasing hydraulic resistance, it plateaued at
the resistance threshold of 1× (channel of W × H × L = 10 mm ×
3 mm × 320 mm) (Fig. 5D, inset). On the other hand, the MIIA-
GFP signal intensity correlated directly and quantitatively with hy-
draulic resistance over the entire range of resistances examined in
this work (Fig. 5D). We also tracked two additional parameters as
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Fig. 4. TRPM7 is a key mechanosensor that directs decision-making in channels of lower hydraulic resistance. (A) Representative images of calcium signal
intensity of (i) control, (ii) TRPM7-KO, and (iii) para-nitroblebbistatin–treated cells once they first reached and occupied the entire intersection of 1×-0.6×-2.2× devices.
Following image segmentation, oversaturated pixels indicating high calcium intensity within vacuoles/organelles were blackened, and then each pixel’s intensity value
was assigned a color according to ImageJ’s fire heat map for visualization purposes. The borders of the microchannels are depicted by thin white lines. (B) Normalized
calcium signal intensity within each protrusion of MDA-MB-231 control, TRPM7-KO, and para-nitroblebbistatin-treated cells in branches of different hydraulic resistances
(n = 10 cells from >3 independent experiments). Data represent the means ± SD. Kruskal-Wallis with post hoc Tukey was performed. *P < 0.05, ****P < 0.0001 relative to
cells in 1× channel. n.s., not statistically significant relative to 1× channel. (C) Distribution pattern of MDA-MB-231 cells in branch channels of different hydraulic
resistances in response to different pharmacological (BaptaAM, 2-APB, and FTY720) or molecular interventions (TRPM7 KO) as compared to the pattern predicted
by the branch channel cross-sectional area partition (n > 70 cells from three independent experiments for each condition). Data represent the mean with 95% con-
fidence interval. P < 0.05 for all treatments relative to controls as indicated by c2 test. (D) Phase contrast image of a Y-like trifurcating microfluidic device with branches
of identical cross-sectional areas but distinct hydraulic resistances. The relative hydraulic resistance of each branch channel is indicated. Scale bar, 50 mm.
(E) Distribution pattern of scramble control, TRPM7-KO, and MIIA-KD MDA-MB-231 cells in branch channels of the device shown in (D) (n > 70 cells from
three independent experiments). Data represent the mean with 95% confidence interval. P < 0.05 for all treatments relative to controls as indicated by c2

test. (F) Phase contrast image of a Y-like trifurcating microfluidic device with branches of identical hydraulic resistances but different cross-sectional areas.
The cross-sectional area of each branch channel is indicated. Scale bar, 50 mm. (G) Distribution pattern of scramble control, TRPM7-KO, and MIIA-KD MDA-MB-231
cells in branch channels of the device shown in (F) (n > 60 cells from three independent experiments). Data represent the mean with 95% confidence interval.
P < 0.05 for all treatments relative to controls as indicated by c2 test.
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• In absence of TRPM7 
activity cells are no longer 
barotactic

R. Zhao et al., and K. Konstantinopoulos.  Science. Advances. 5:eaaw7243 (2019) 

— Membrane tension sensing is required for barbotais
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A possible Mechanism of barotaxis

phospholipase A2 and subsequent production of the arachidonic acid
metabolite 5′-6′-epoxyeicosatrienoic acid (EET) (29). On the other
hand, EET-independent TRPV4 activation by membrane stretching
has also been described (30). In the case of TRPM7, direct activation
by membrane stretching has been reported for native and ectopically
expressed channels (24, 31).

Considering that membrane tension is the primary stimulus gating
mechanosensitive ion channels (32), hydrostatic pressure/hydraulic
resistance presumably activates these channels through deformation
of the plasma membrane, thereby changing its tension. Another struc-
ture that may also be in the first line of the cellular response to pressure
is the cytoskeleton. The cortical actomyosin cytoskeleton supports and
constrains the lipid bilayer, as well as exerts an active modulation of the
membrane tension through the specific interactions between the mem-
brane and cytoskeleton at ERM-anchoring elements (8, 33, 34). Accord-
ingly,mechanosensitive channels can bemodulated by actions that alter
the actomyosin cytoskeleton (26, 32). Blebbistatin, which decreases cy-
toskeletal tension but increases membrane tension (33), also augments
the basal activity of ectopically expressed TRPM7 channels, as evi-
denced by patch-clamp experiments, but abolishes their response to
Ca2+ increases via the application of hydrostatic pressure differentials.
The fact that no increases in basal intracellular Ca2+ levels were detected
in the presence of blebbistatin may be related to the Mg2+ blockade of
inward currents reported for the TRPM7 channel (22). Together, these
findings support the hypothesis that membrane tension is the primary
stimulus for the channel activation and that cellular responses to pres-
sure, according to the tensegrity model, may differ depending on the

previous level of tension in the cell (34). That is, pre-existingmembrane
tension induced by blebbistatin impairs further activation of TRPM7
with increases in hydrostatic pressure.

One possible explanation for the preferential involvement of
TRPM7 in hydrostatic pressure–induced cell responses over the other
mechanosensitive ion channels is the high sensitivity of TRPM7 to
mechanical deformation of the membrane. The pressure sensitivity
(measured as the pressure applied through a patch pipette to achieve
half maximal channel activation) of Piezo and TRPV4 channel ranges
from 4000 to 5000 Pa (25, 26, 30), whereas that of TRPM7 is 10-fold
lower (500 Pa) (24, 31). Thus, mechanosensitive channels with a lower
mechanical threshold, such as TRPM7, would be better suited to re-
spond to the small changes in hydrostatic pressure or hydraulic
resistance. Another characteristic that may influence the key participa-
tion of TRPM7 in hydrostatic pressure/hydraulic resistance sensing is
its close physical interaction with different elements of the actomyosin
cytoskeleton, including proteins of the Arp2/3 complex, cofilin-1,
F-actin–capping proteins, scaffold proteins, regulatory proteins such as
calmodulin, and motor proteins, particularly myosin-II (35). Besides,
TRPM7 interacts with and modulates the activity of myosin-IIA in a
Ca2+- and kinase-dependent way (36).

Cells at the intersection regulate the distribution of cortical acto-
myosin independently in each protrusion in response to the hydrau-
lic resistance of each branch channel. A higher hydraulic resistance
triggers an elevated calcium influx via TRPM7 activation, which, in
turn, supports a thicker cortical actin meshwork containing an elevated
density of myosin motors. The cell next evaluates the relative abun-
dance of cortical actomyosin in each branch channel and makes the
decision following a partition pattern based on theMEP. Thus, a higher
probability of cell entry occurs in branch channels of lower resistance,
which require lower energy expenditure for cortical actin polymeriza-
tion. Previous observations indicate that membrane tension is critical
for coupling motility and membrane protrusion. Membrane tension is
inversely related to cell protrusion expansion (33). During the decision-
making process, MIIA redistributes from the recessive protrusions to
the cell trailing edge (fig. S5H), which has now reached the intersec-
tion, thereby helping push the cell into the branch channel irrespective
of the hydraulic resistance.

Cortical actomyosin is required to generate adequate tension to
balance the external hydrostatic pressure/hydraulic resistance. Al-
though both cortical actin and myosin contribute to the membrane
tension (8), the individual inhibition of their functions leads to mark-
edly different decision-making patterns. Disruption of cortical actin
reduces the effective membrane tension (8), and hence, the hydraulic
resistance/hydrostatic pressure is solely balanced by the lipid bilayer.
As described by the MEP, upon actin disruption, the surface tension/
energy of the lipid bilayer is not sufficient by itself to counteract high
external forces, thereby strengthening the preference of cells for
entering branch channels of lower hydraulic resistance. Of note, dis-
ruption of actin does not suppress TRPM7-mediated calcium uptake.
On the other hand, myosin inhibition increases membrane tension
(33), and as such, cells can counteract hydraulic resistance more
effectively than LatA-treated cells. Moreover, myosin inhibition in-
creases the basal activity of ectopically expressed TRPM7 channels
but abolishes their response to hydrostatic or hydraulic pressure and
thus alters the decision-making pattern from hydraulic resistance–
based to cross-sectional area–based partition.

In this study, we have used PDMS-based microchannels to in-
vestigate how cells sense hydraulic resistance and make directional

Ca

Ca Ca

Preferred
decision

[Ca ]
Act 	in
Myosin	IIA

Hydraulic	
resistance

Fig. 6. Schematic summarizing how blebbing cells sense and respond to hy-
draulic resistance. Hydraulic resistance triggers TRPM7 activation in a magnitude-
dependent manner, which, in turn, mediates calcium influx and supports a thicker
cortical actomyosin meshwork, which preferentially directs cell entrance in low
resistance channels. MIIA-GFP signal intensity correlates quantitatively with the
hydraulic resistance of each branch channel, whereas the integrated LifeAct-GFP sig-
nal intensity correlates inversely with the cell distribution pattern into branches.
Variations in bleb size and cortical actin intensity reach a minimum at the decision-
making time point, suggesting a physical balance between internal and external cell
forces. Inhibition of TRPM7 function or actomyosin contractility alters the decision-
making pattern from hydraulic resistance–based to cross-sectional area–based
partition.
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phospholipase A2 and subsequent production of the arachidonic acid
metabolite 5′-6′-epoxyeicosatrienoic acid (EET) (29). On the other
hand, EET-independent TRPV4 activation by membrane stretching
has also been described (30). In the case of TRPM7, direct activation
by membrane stretching has been reported for native and ectopically
expressed channels (24, 31).

Considering that membrane tension is the primary stimulus gating
mechanosensitive ion channels (32), hydrostatic pressure/hydraulic
resistance presumably activates these channels through deformation
of the plasma membrane, thereby changing its tension. Another struc-
ture that may also be in the first line of the cellular response to pressure
is the cytoskeleton. The cortical actomyosin cytoskeleton supports and
constrains the lipid bilayer, as well as exerts an active modulation of the
membrane tension through the specific interactions between the mem-
brane and cytoskeleton at ERM-anchoring elements (8, 33, 34). Accord-
ingly,mechanosensitive channels can bemodulated by actions that alter
the actomyosin cytoskeleton (26, 32). Blebbistatin, which decreases cy-
toskeletal tension but increases membrane tension (33), also augments
the basal activity of ectopically expressed TRPM7 channels, as evi-
denced by patch-clamp experiments, but abolishes their response to
Ca2+ increases via the application of hydrostatic pressure differentials.
The fact that no increases in basal intracellular Ca2+ levels were detected
in the presence of blebbistatin may be related to the Mg2+ blockade of
inward currents reported for the TRPM7 channel (22). Together, these
findings support the hypothesis that membrane tension is the primary
stimulus for the channel activation and that cellular responses to pres-
sure, according to the tensegrity model, may differ depending on the

previous level of tension in the cell (34). That is, pre-existingmembrane
tension induced by blebbistatin impairs further activation of TRPM7
with increases in hydrostatic pressure.

One possible explanation for the preferential involvement of
TRPM7 in hydrostatic pressure–induced cell responses over the other
mechanosensitive ion channels is the high sensitivity of TRPM7 to
mechanical deformation of the membrane. The pressure sensitivity
(measured as the pressure applied through a patch pipette to achieve
half maximal channel activation) of Piezo and TRPV4 channel ranges
from 4000 to 5000 Pa (25, 26, 30), whereas that of TRPM7 is 10-fold
lower (500 Pa) (24, 31). Thus, mechanosensitive channels with a lower
mechanical threshold, such as TRPM7, would be better suited to re-
spond to the small changes in hydrostatic pressure or hydraulic
resistance. Another characteristic that may influence the key participa-
tion of TRPM7 in hydrostatic pressure/hydraulic resistance sensing is
its close physical interaction with different elements of the actomyosin
cytoskeleton, including proteins of the Arp2/3 complex, cofilin-1,
F-actin–capping proteins, scaffold proteins, regulatory proteins such as
calmodulin, and motor proteins, particularly myosin-II (35). Besides,
TRPM7 interacts with and modulates the activity of myosin-IIA in a
Ca2+- and kinase-dependent way (36).

Cells at the intersection regulate the distribution of cortical acto-
myosin independently in each protrusion in response to the hydrau-
lic resistance of each branch channel. A higher hydraulic resistance
triggers an elevated calcium influx via TRPM7 activation, which, in
turn, supports a thicker cortical actin meshwork containing an elevated
density of myosin motors. The cell next evaluates the relative abun-
dance of cortical actomyosin in each branch channel and makes the
decision following a partition pattern based on theMEP. Thus, a higher
probability of cell entry occurs in branch channels of lower resistance,
which require lower energy expenditure for cortical actin polymeriza-
tion. Previous observations indicate that membrane tension is critical
for coupling motility and membrane protrusion. Membrane tension is
inversely related to cell protrusion expansion (33). During the decision-
making process, MIIA redistributes from the recessive protrusions to
the cell trailing edge (fig. S5H), which has now reached the intersec-
tion, thereby helping push the cell into the branch channel irrespective
of the hydraulic resistance.

Cortical actomyosin is required to generate adequate tension to
balance the external hydrostatic pressure/hydraulic resistance. Al-
though both cortical actin and myosin contribute to the membrane
tension (8), the individual inhibition of their functions leads to mark-
edly different decision-making patterns. Disruption of cortical actin
reduces the effective membrane tension (8), and hence, the hydraulic
resistance/hydrostatic pressure is solely balanced by the lipid bilayer.
As described by the MEP, upon actin disruption, the surface tension/
energy of the lipid bilayer is not sufficient by itself to counteract high
external forces, thereby strengthening the preference of cells for
entering branch channels of lower hydraulic resistance. Of note, dis-
ruption of actin does not suppress TRPM7-mediated calcium uptake.
On the other hand, myosin inhibition increases membrane tension
(33), and as such, cells can counteract hydraulic resistance more
effectively than LatA-treated cells. Moreover, myosin inhibition in-
creases the basal activity of ectopically expressed TRPM7 channels
but abolishes their response to hydrostatic or hydraulic pressure and
thus alters the decision-making pattern from hydraulic resistance–
based to cross-sectional area–based partition.

In this study, we have used PDMS-based microchannels to in-
vestigate how cells sense hydraulic resistance and make directional
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Fig. 6. Schematic summarizing how blebbing cells sense and respond to hy-
draulic resistance. Hydraulic resistance triggers TRPM7 activation in a magnitude-
dependent manner, which, in turn, mediates calcium influx and supports a thicker
cortical actomyosin meshwork, which preferentially directs cell entrance in low
resistance channels. MIIA-GFP signal intensity correlates quantitatively with the
hydraulic resistance of each branch channel, whereas the integrated LifeAct-GFP sig-
nal intensity correlates inversely with the cell distribution pattern into branches.
Variations in bleb size and cortical actin intensity reach a minimum at the decision-
making time point, suggesting a physical balance between internal and external cell
forces. Inhibition of TRPM7 function or actomyosin contractility alters the decision-
making pattern from hydraulic resistance–based to cross-sectional area–based
partition.
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• Hydrostatic pressure due to hydraulic 
resistance induces TRPM7 activation and 
calcium influx

• This leads to MyosinII activation and 
cortical contractility

• This induces (Zhao et al, 2019) or biases 
(Moreau et al, 2019) the cell 
repolarization at bifurcations

• Cell directionally bias follows from cell 
asymmetry/polarization (but not 
extension rate per se?, Prentice-Mott 
2013))
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the iDC population. These observations suggest a potential
correlation between macropinocytosis and barotaxis: the mac-
ropinocytic activity of iDCs might allow them to choose dead-
end paths more often than non-macropinocytic cells. Notably,
comparing cells before and after the bifurcation showed that
these features became more pronounced in cells that had
passed the bifurcation and migrated toward the dead end.
Thus, macropinocytosis may (1) reduce barotactic bias by help-
ing iDCs to move toward dead ends and (2) be further induced in
these cells by high HR.

To directly visualize themacropinocytic activity of iDCs, we re-
corded cells migrating in Y-shaped channels containing fluores-
cent dextran. We observed that the actin-rich leading edge of
iDCs migrating toward dead ends (Figure 4E, left panel) formed
large fluid-containing vesicles reminiscent of macropinosomes
(Figure 4E, middle panel) and eventually transiently flattened
(Figure 4E, right panel). Higher resolution imaging confirmed
the presence of actin-rich vesicles at the front of iDCs migrating
toward dead ends (Figure 4F; Video S4B). Accordingly, quantifi-
cations of fluorescent dextran uptake showed that it was
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Figure 4. iDCs Migrating to Dead Ends Are Macropinocytic
(A) Time-lapse images of iDCs migrating in open-ends (OE) or dead-ends (DE). Green, LifeAct. Red, Dextran-AlexaFluo647.

(B) Average cell velocity (mm/min, mean ± SEM). One dot corresponds to one cell. Statistical analysis was performed using a one-way ANOVA, followed by a

Tukey’s multiple comparison test. N = 4, n = 73, 75, 20, and 25.

(C) Protrusion and retraction activity. Cells were classified as positive if at least one protrusion and retraction of the front was observed in the last 2 min before the

bifurcation or during the 3min after the bifurcation. Percentages of positive (red) and negative (gray) cells are shown. N = 4, n = 128 cells choosing OE, and 54 cells

choosing DE.

(D) Front actin accumulation. Cells are classified as positive for actin accumulation at their front if actin accumulation is visible at least once in the last 2min before

the bifurcation or during the 3 min after the bifurcations. Percentages of positive (red) and negative (gray) cells are shown. N = 4, n = 128 cells choosing OE, and

54 cells choosing DE.

(E) Zoomed images of iDCsmigrating in DE. Green, LifeAct. Red, Dextran-AlexaFluor647. White arrowhead, actin protrusion and actin accumulation. White stars,

vesicles filled with dextran.

(F) Confocal image of an iDC migrating in a DE.

(G) Quantification of macropinocytosis for iDCs migrating in OE or DE. One dot corresponds to one cell. Bars indicate the median. Statistical difference between

OE and DE groups was determined by Mann-Whitney non-parametric t test. N=2, n = 62 and 58.

See also Figure S4 and Video S4.
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Regulation of barotaxis: tuning cell permeability

• Immature dendritic cells (iDCs) in a dead-end 
(high HR) can sometimes become motile. 
Velocity is reduced and cells exhibit 
macropinocytic activity at the front

— Cell permeability tunes barotactic response
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Figure 5. Macropinocytosis Provides iDCs with a Unique Capacity to Overcome Barotaxis
(A) iDCs migrating in small (!20 mm2) or large (!30 mm2) channels. Green, LifeAct-GFP. Red, Dextran-AlexaFluor647.

(B) Quantification of macropinocytosis in small and large channels. One dot represents one cell. Bars correspond to medians. TheMann-Whitney non-parametric

t test was used for statistics. N = 2, n = 43 and 34.

(C) Bias toward low resistance path of iDCs migrating in!20 mm2 or!30 mm2 symmetric (1) or asymmetric (DE/1) bifurcations. N = 5, n = 298, 368, 886, and 870.

(legend continued on next page)
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• In larger capillaries iDCs are no longer barotactic. 
This correlates with macropinocytosis.

• Macropinocytosis allows fluid transfer across cells 
in a channel 
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Figure 7. Non-macropinocytic Mature DCs Can Use HR as a Guidance Cue
(A) Mature DCs (mDCs) are biased in!30 mm2 channels. Bias of iDCs and mDCs toward low resistance path in large asymmetric (DE/1 in Figure 1C) bifurcations.

N = 3, n = 249, 219.

(B) Bias of mDCs toward low HR path in large asymmetric bifurcations, in the presence of Smifh2 or DMSO. N = 3, n = 138 and 162.

(C) Bias toward low HR path in large (>30 mm2) asymmetric bifurcations of mDCs deficient or not for Ctss. N = 3, n = 115 and 364.

Statistics above graph bars in (A–C) indicate difference to the value 0 calculated by a binomial test (one-tail p values hypothesis: probability of success > 0.5).

Statistical differences between bars were determined by contingency table and Fisher exact test (two-tails p values).

(D) Random maze with one exit. Each node represents a three-way bifurcation (see Data S1).

(E) Stochastic cell migration in randommazes was simulated for 3 different ratios of cell permeability to HR (z/R). Panels show the distribution of paths toward the

exit for simulated cells. The color code labels the normalized frequency of visiting a node in the random maze.

(F) Relative area explored and escaping time as a function of the maze size (mean ± SEM). Solid curves show the theoretical predictions for purely diffusive and

ballistic migration modes. Simulation parameters are listed in Table S1 (see Data S1). n = 10,000 simulations per condition.

Statistics: all error bars indicate SEM. See also Figure S7.
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• Mature DCs (mDCs) in large capillaries are 
barotactic and have no macropinocytic activity. 

macropinocytosis
https://www.mechanobio.info/what-is-

the-plasma-membrane/what-is-
membrane-trafficking/what-is-

macropinocytosis/
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Figure 5. Macropinocytosis Provides iDCs with a Unique Capacity to Overcome Barotaxis
(A) iDCs migrating in small (!20 mm2) or large (!30 mm2) channels. Green, LifeAct-GFP. Red, Dextran-AlexaFluor647.

(B) Quantification of macropinocytosis in small and large channels. One dot represents one cell. Bars correspond to medians. TheMann-Whitney non-parametric

t test was used for statistics. N = 2, n = 43 and 34.

(C) Bias toward low resistance path of iDCs migrating in!20 mm2 or!30 mm2 symmetric (1) or asymmetric (DE/1) bifurcations. N = 5, n = 298, 368, 886, and 870.

(legend continued on next page)
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into leading-edge dextran (green, contained in macropino-
somes) and rear dextran (blue, contained in lysosomes as previ-
ously described [Chabaud et al., 2015]). For each category, the
dextran volume was expressed as the percentage of the channel
cross-section it occupied. These quantifications showed that the
amount of fluid passing through macropinocytic cells migrating
in !30 mm2 microchannels was strongly enhanced as compared
to non-macropinocytic cells migrating in !20 mm2 microchan-
nels (15% versus 0% for the fluid contained in macropinosomes
and 25% versus 11% for the fluid between the cell and the chan-
nel walls, Figure 5F). Of note, in large channels, we observed that
a substantial portion of external dextran was localized between
the cell rear and the channel walls (white star in Figure 5F).
Consistent with our previous findings (Chabaud et al., 2015),
we observed that in these large channels, iDCs formed macropi-
nosomes at their leading edge and released their fluid content
further back on their side, often in the area of the nucleus (Fig-
ure 5G; Video S5D). This secretion of macropinosomes formed
‘‘fluid pockets’’ around which the cell body deformed as the
cell moved forward, resulting in complete translocation of large
fluid amounts toward the back of the cell (Figure 5G; Videos
S5D and S5E). These observations suggest that the increased
volume between the cell and the channel wall in small channels
(!15%) compared to large channels (!24%) actually results for
the most part from the release of macropinosomes in the lateral
fluid pockets and subsequent cell deformation (!0% in small
channels, !15% in large channels, Figure 5F). These data sup-
port a role for macropinocytosis in facilitating fluid transport
from the cell front to the cell rear, providing a putative explana-
tion for its effect on barotaxis.

Although macropinocytosis was not part of our initial model,
these results show that it has an important impact on the baro-
tactic behavior of macropinocytic iDCs. In our model, total fluid
transport through the cell is encoded by the cell-fluid resistance
parameter z, which comprises passage of fluid on the sides of
the cell and through membrane channels as well as through
transport by intracellular vesicles. The amount of fluid transport
by macropinocytosis can thus be taken into account by modu-
lating this parameter. We quantified barotaxis of simulated cells
for different levels of cell permeability (obtained by varying the
ratio of cell-fluid resistance and HR z/R). We consistently found
that cells endowed with a large effective permeability (i.e.,
‘‘macropinocytic,’’ z/R = 10"3) were insensitive to barotaxis
(bias of 0), whereas cells exhibiting a small effective perme-

ability (i.e., ‘‘non-macropinocytic,’’ z/R = 10"1) were extremely
sensitive to HR asymmetry (Figure 5H). This extended analysis
of our model predictions shows that permeability to external
fluid is a key parameter for barotaxis because it modulates
the small difference in the resisting force between the two ex-
tending arms. Together with our experimental results, they
strongly suggest that macropinocytosis can cancel the direc-
tional bias introduced by HR, likely by decreasing cell resistance
to extracellular fluid (i.e., increasing cell permeability). Of note,
we do not exclude the contribution of other fluid transport
mechanisms such as the one involving aquaporins (Stroka
et al., 2014) or fluid leakage between the cell and the channel
walls (see Discussion). We conclude that macropinocytic iDCs
are insensitive to HR because they transport fluid from their
leading edge to their rear.

Macropinocytic Immature DCs Are More Efficient at
Exploring Their Environment
We next asked how this effect of macropinocytosis on barotaxis
could affect the main function of iDCs, which is tissue patrolling
for immunogenic signals. Efficient tissue sampling not only in-
volves large uptake capacity but also productive spatial explora-
tion. We have shown that uptake and migration are coupled via
macropinocytosis (Chabaud et al., 2015). This generates a spe-
cific type of trajectory in iDCs, corresponding to an intermittent
search behavior that could be optimal for sampling of large
spaces. However, this study did not take into account the struc-
ture and physical properties of the tissue environment, which we
here show can strongly bias the migration pattern of iDCs and
thus affect spatial exploration. To assess this point in vitro, we
first evaluated whether macropinocytic and non-macropinocytic
iDCs migrating through channels with HR asymmetries differen-
tially explored the space. Temporal accumulation of single-cell
footprints as they migrated through a Y-shaped bifurcation
with a dead-end channel showed that macropinocytic cells
occupied the whole space evenly, whereas non-macropinocytic
cells left the dead-end part mostly unexplored (Figure 6A). Inter-
estingly, once they have reached the dead end, most macropi-
nocytic cells reversed their polarity and turned back within a
few minutes.
These results prompted us to hypothesize that macropinocy-

tosis might improve the capacity of iDCs to explore tissues in an
unbiasedmanner, allowing them to reach spaces inaccessible to
other cells and eventually contributing to their immune sentinel

(B) In vivo quantification of extracellular fluid uptake by dermal DCs by flow cytometry. Dermal DCs were identified as CD45+ CD11c+ MHCII+ EPCAM" (See

Figure S6A). The % of Dextran+ dermal DCs (mean ± SEM) and the Dextran MFI of Dextran+ dermal DCs (mean ± SEM) are graphed. One dot represents the

average value of both injected flanks for onemouse (n = 2mice per condition per experiment). Different symbols are used for different experiments (N = 2). A two-

way ANOVA was used for statistics to take into account variability between experiments (p value for time = 0.0006 for % of Dextran+ dermal DCs and 0.162 for

Dextran MFI), followed by Mann-Whitney non-parametric tests for the % of Dextran+ dermal DCs.

(C) In vivo quantification of extracellular fluid uptake by Cd74+/+ and Cd74"/" dermal DCs by flow cytometry. Analysis was performed as in (B). N = 2, n = 3 mice

per condition per experiment. A 2-way ANOVA was used for statistics.

(D) An example of migrating CD11c-EYFP+ DCs imaged by intravital microscopy in the ear dermis. Dotted arrow indicates trajectory. White arrowhead indicates

the winning arm. Blue arrowhead indicates the losing arm.

(E) Environment exploration by macropinocytic (Cd74+/+, magenta) and less-macropinocytic (Cd74"/", cyan) DCs in the ear dermis with or without edema.

Exploration images: intravital two-photon image (left), temporal mask of Cd74+/+ DCs (threshold on GFP signal, middle), and temporal mask of Cd74"/" DCs

(threshold on YFP signal, right). The volume explored (time projection of temporal masks, see Figure S6B) normalized to the initial volume (DV/V0) is graphed as a

function of time (mean ± SEM). Data were averaged from 4 independent experiments. A two-way ANOVAwas used for statistics (p value for time < 0.001 for both

steady state and edema).

See also Figure S6 and Video S6.
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Hydraulic resistance

• The effect of macropinocytosis can be modeled via the cell-fluid resistance parameter (which 
also includes permeability by leakage on the side of cells, or aquaporins etc) 

• Increased cell-fluid resistance (for a given hydraulic resistance) increases cell directional bias 
in silico and barotaxis

Regulation of barotaxis: tuning cell permeability
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Figure 6. Macropinocytic iDCs Better Explore Their Environment
(A) Exploration probability of asymmetric bifurcations by macropinocytic (large channels) and non-macropinocytic (small channels) iDCs. N = 2, n = 48 cells per

condition. Graphs were obtained by plotting the profile along a line in the center of the channel on the exploration probability image. Dotted line indicates the

position of the bifurcation.

(legend continued on next page)
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• Cell permeability by macropinocytosis 
increases cell exploration in bifurcated 
channels (experiments in iDCs)
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Figure 7. Non-macropinocytic Mature DCs Can Use HR as a Guidance Cue
(A) Mature DCs (mDCs) are biased in!30 mm2 channels. Bias of iDCs and mDCs toward low resistance path in large asymmetric (DE/1 in Figure 1C) bifurcations.

N = 3, n = 249, 219.

(B) Bias of mDCs toward low HR path in large asymmetric bifurcations, in the presence of Smifh2 or DMSO. N = 3, n = 138 and 162.

(C) Bias toward low HR path in large (>30 mm2) asymmetric bifurcations of mDCs deficient or not for Ctss. N = 3, n = 115 and 364.

Statistics above graph bars in (A–C) indicate difference to the value 0 calculated by a binomial test (one-tail p values hypothesis: probability of success > 0.5).
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• Cells in a maze: 

Patrolling behavior of non barotactic cells (eg. iDCs) and shortest path for barotactic cells (eg. mDCs)

Regulation of barotaxis: consequences
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In Brief
Moreau et al. show thatmacropinocytosis

renders migrating immature dendritic

cells insensitive to hydraulic resistance

(force imposed by the fluid they displace

when moving in confinement). This may

contribute to environment patrolling.

Mature dendritic cells down-regulate

macropinocytosis, becoming sensitive to

hydraulic resistance. This biases their

migration, thereby allowing cell guidance.
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Barotaxis: Non-local environment sensing in motility

• Barotaxis: 
The hydraulic pressure is a mechanical signal sensitive to geometry of 
environment. 
—Information about integration of path ahead of cell, rather than strictly local 
information



Cells detect and avoid dead ends with self-generated gradients
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Fig. 1. Self-generated gradients allow cells to explore remote features.
(A) Comparison of imposed and self-generated gradients guiding cells across
1 mm to a full attractant well. (B) Experimental verification of (A) using
D. discoideum. The imposed gradient uses the nondegradable attractant
Sp-cAMPS. The self-generated gradient uses uniform cAMP. Cells following
the imposed gradient performed worse, especially after the halfway point.
Scale bar, 50 mm. See movie S1. (C to E) Simulated navigation past a junction.
In (C), both branches are identical and connect to an attractant reservoir.
Each recruits the same number of cells. In (D), one branch is a dead end.

Some cells do still commit because of residual attractant in the channel. In (E),
the dead end is much shorter and is almost entirely free of attractant as the
cells reach the junction. (F) Number of cells selecting the top channel through
repeated simulations of (C). Concentration is tuned so that an average of 24 cells
commit. The self-generated gradient has a smaller standard deviation than a
random choice, revealing active sorting. (G) The fraction of cells committing to a
dead end as a function of its length. Few cells commit to short dead ends,
but there is an apparently linear increase from 250 mm to 650 mm; above this,
the fraction plateaus at about 0.4.
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• Directional bias: 
In a dead end, the chemoattractant is 
rapidly degraded and follower cells avoid 
the dead end. 
This results in a statistical bias in the 
distribution. 
This bias increases as the dead end is 
shorter

Chemotaxis: Non-local environment sensing in motility
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Imposed gradient:
— chemotaxis is not efficient because 
it is too shallow

Self-generated gradient: 
— chemotaxis works best at near 
saturation of receptor binding, allowing 
formation of a steep local gradient 

Persistent, biased random walk of cells in a bath with diffusion of attractant• Chemical gradients

Thomas LECUIT   2022-2023
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Fig. 2. Real cells can solve
mazes. (A) Simulation of cells
navigating the maze with
short dead ends at time points
past the first, second, and
third decisions. In this design,
cells are predicted to almost
always commit to the correct
path to lead them to the at-
tractant well. (B) D. discoideum
cells migrating through the
same maze design initially
filled uniformly with the
attractant cAMP. (C) Pancre-
atic cancer cells in the same
maze design with an initial
background of 10% FCS.
(D to F) Simulations of the
short-branched maze (D)
compared with D. discoideum
cells (E) and pancreatic cancer
cells (F) navigating the same
design. (G to I) Simulations of
the long-branched maze
design (G) compared with
D. discoideum cells (H) and
pancreatic cancer cells (I). See
movie S2 for (A), (D), and
(G); movie S3 for (B), (E), and
(H); and movie S4 for (C), (F),
and (I). Device width = 850 mm;
channel width = 40 mm; channel
height = 25 mm.
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Chemotaxis: Non-local environment sensing in motility

Pathfinding in a maze using self-generated gradients
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Non-local environment sensing in motility

• Barotaxis: 
The hydraulic pressure is a mechanical signal sensitive to geometry of 
environment. 
—Information about integration of path ahead of cell, rather than strictly local 
information

• Chemotaxis: 
The gradient generating mechanism dependent on geometry of the environment
Pathfinding in a maze through non-local sensing. 
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The function of neutrophils is fundamentally different
than the one of dendritic cells as, rather than patrolling
the environment, these cells must be recruited as effi-
ciently as possible to sites of infection. Therefore,
avoiding dead ends or highly resistant paths might help
neutrophils reach rapidly their site of action. Amazingly,
this has been very recently reported, not only as indi-
vidual cells [10] but also as a community behavior [26].
In vivo imaging of neutrophils in capillaries revealed that
neutrophils following each other in the network tend to
alternate direction choices at bifurcation, avoiding jam-
ming. This particular behavior was further confirmed
in vitro in microfluidic designs, unraveling a double
mechanism that optimizes the alternance of choices: the
first neutrophil (i) augments the hydraulic resistance of
the channel wherein it migrates, inducing a bias in the
migration of the following neutrophil, which then choses
the other channel (lower hydraulic resistance), and (ii)
also prevents chemokine diffusion, locally modifying the
chemotactic gradient and reinforcing the choice of the
second neutrophil toward the neutrophil-free low
resistance path.

The interplay between cells and different cues in com-
plex tissue environments is therefore likely to modulate

how migrating cells are interpreting combinations of
guidance signals (Figure 2). So far and to our knowledge,
only chemotaxis has been tested in competition against
barotaxis. While barotactic signals are dominant in neu-
trophils [10], chemotactic signals govern D. discoideum
migration [14]. This could be explained (i) by the dif-
ferential sensitivity of neutrophils and D. discoideum to
barotaxis and (ii) by the range of hydraulic resistance
differences and concentrations/gradients of chemokine
tested. The molecular pathways implicated in chemo-
taxis and barotaxis appear to be distinct. Therefore, while
it is clear that different cells may prioritize differently the
distinct guidance cues they are facing, it is difficult to
predict cue competition outcome and draw a general rule.
Future studies will help deciphering how cells interpret
multiple signals and how these signals determine their
pattern of migration and behavior within tissues.

Conclusion and perspectives
In conclusion, we here review the growing literature on
the key role played by hydraulic resistance in guiding
cell migration when confined in tissues. These studies
suggest that barotaxis has emerged early in evolution, as
it is conserved from amoebas such as D. discoideum to
immune cells. Remarkably, it appears that these distinct

Figure 2

Neutrophil squad

Mature dendritic cell

Immature 
dendritic cell

Macropinocytosis

Barotaxis + Chemotaxis

Barotaxis

D. discoideum
Chemotaxis > Barotaxis

Cancer cell
Barotaxis

Current Opinion in Cell Biology

Integration of environmental cues during migration and impact on cell function. The complex environments in which cells are migrating provide multiple
guidance cues, in particular, heterogeneous hydraulic resistance or chemokine distribution. Immune cells have a differential susceptibility to these
guidance cues. While immature dendritic cells are insensitive to hydraulic resistance, thanks to macropinocytosis, and tend to fully explore a maze,
mature dendritic cells have lost this capacity and rapidly find the exit, thanks to barotaxis. Of note, mature dendritic cells are also guided by the CCR7/
CCL21 chemokine axis, although competition between chemotaxis and barotaxis has not been tested yet. Barotaxis dominates in neutrophil
guidance and not only plays a role for single neutrophils but also for neutrophil squads, enabling them to avoid jamming of capillaries. On the contrary,
chemotaxis guidance is dominant for the amoeba D. discoideum. Finally, at least some cancer cells are barotactic. Whether turning on macropinocytosis
to fulfill metabolism needs lowers the barotactic sensitivity of cancer cells and enables them to reach hidden metastatic niches remains to be investigated.

Barotaxis in cell guidance Lennon-Duménil and Moreau 135

www.sciencedirect.com Current Opinion in Cell Biology 2021, 72:131–136

AM. Lennon-Dumenil and H. Moreau. Current Opinion in Cell Biology 2021, 72:131–136 



>>Interaction between cells and environment: 
cells generate/modify their own guidance cue through such interactions 

The structure of the environment matters (eg. confinement)

How do cells navigate over long range in situ 
(development, immune system, cancer)?
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with chemotaxis, suggesting that distinct mechanisms control direction decisions in cells
depending on the nature of the guidance cue.

In summary, the pivotal role of actin andmyosin II contractility in deciphering guidance cues and
directing cell migration could help immune cells to prioritize the different cues and choose the
best path so that they can efficiently navigate from one tissue to another (Figure 3).

Concluding Remarks and Future Perspectives
Here we have presented multiple lines of evidence highlighting the essential role of the
actomyosin cytoskeleton in the cell-intrinsic migratory properties of immune cells as well as
in their ability to respond to the chemical and physical cues present in the environment. It
appears that different actin pools, which are generated by distinct actin nucleators and
detected at distinct subcellular locations, exist in immune cells. Remarkably, these various
actin pools are responsible for distinct cellular activities associated with cell migration. In DCs, T
cells, and neutrophils, the cortical actin pool localized toward the cell rear is nucleated by the
formin mDia1 and is responsible for forward movement in confinement. By contrast, the actin
pool localized at their front is nucleated by Arp2/3 and does not impact migration but rather
promotes cellular activities related to the individual functions of these cells: macropinocytosis in
immature DCs, phagocytosis in neutrophils, and immune synapse formation in T cells. Inter-
estingly, this pool of actin imposes on leukocytes an intermittent migration mode that might be
optimal for environment sampling. A third actin pool assembles around the nucleus of immature
DCs and T cells as a result of confinement. This actin cage is also nucleated by Arp2/3 and

Outstanding Questions
What are the respective contributions
of cell-intrinsic properties and environ-
ment constraints to migration patterns
exhibited by immune cells in vivo?

How do cells integrate distinct environ-
mental cues? Which cues (chemical or
physical) are dominant over others?

How is the environment modified in
pathological situations? Do actin cyto-
skeleton properties still contribute to
optimized immune cell function in
these situations?

Integrated migratory response to complex environmental guidance cues

{
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Figure 3. Actomyosin Cytoskeleton in Leukocyte Guidance. Immune cells are guided by a combination of chemical
and physical extracellular cues. Actin is highly implicated in the detection of and response to these guidance cues. Having
actin as a central player can enable cells to integrate the different cues and choose their global direction of migration in
complex environments.

10 Trends in Immunology, Month Year, Vol. xx, No. yy

Durotaxis: substrate stiffness
2D



Cells exert traction on substrates

A. Harris, D. Stopak and P. Wild. Nature. 290:249-251 (1981)

traction force microscopy articles
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patches was also significantly higher. The ratio of these parameters
(the stress) was found to vary between 2 nN µm–2 and 5 nN µm–2.
This value is similar to the one measured in focal adhesions of
fibroblasts, as discussed below.

The simultaneous visualization, in live cells, of each focal adhe-
sion and of the associated force (Fig. 5a–d) makes it possible to
monitor the dynamics of the system. To establish the relationship
between changes in the assembly of the structure and force over
time, 2,3-butanedione monoxime (BDM, a known inhibitor of
actomyosin contraction23) was added to fibroblasts. The time
dependence of the relaxation of the forces was then recorded,
together with the disruption of the focal adhesions (Fig. 5e–h). The
illumination time was minimized in order to avoid bleaching. The
relaxation of the matrix is apparent within seconds after the appli-
cation of BDM. The relationship between force and area in all focal
adhesions at all time points is plotted in Fig. 5e (each symbol rep-
resents a different focal adhesion). The correlation seen at t = 0

(Fig. 5a) is now more apparent and the determined linear depend-
ence defines a constant stress, Pf = 5.5 ± 2 nN µm–2, applied at the
focal adhesions. Extrapolation of this linear dependence to zero
force shows that the tension-independent area of focal adhesions is
~1 µm2. This residual area is similar to the typical size of focal com-
plexes, which are the precursors of the larger adhesions formed
once force is applied12.

The time dependence of the force (red squares) and the total
GFP–vinculin intensity (black circles) of a single focal adhesion
after BDM treatment are plotted in Fig. 5f. The correlation between
the two parameters is evident. The dynamic behaviour of single
focal adhesions is consistent with the dependence found when plot-
ting different adhesions at t = 0. Applying BDM is thus equivalent
to moving the force axis at t = 0. A close correlation between force
and total intensity is found for the various focal adhesions, as
shown in Fig. 5g, which plots the average values obtained for all the
single, spatially separated adhesions (n = 10) from Fig. 5d, h. The
time dependence of the disassembly of focal adhesions after BDM
is very similar to the force relaxation (Fig. 5f, g). Thus, the relax-
ation of actomyosin contraction is rapidly followed by the disrup-
tion of focal adhesions, while maintaining the linear dependence of
focal adhesion assembly on force.

Discussion
A novel approach was developed, allowing a real-time and direct
measurement of forces applied by stationary cells to the underlying
matrix at individual focal adhesions. This approach was used to
investigate the relationship between local forces at focal adhesions
and their assembly. The area and total intensity of the focal adhe-
sions are found to be linearly dependent on the local force applied
by the cell. Furthermore, the time dependence of this relation is
found to be below a few seconds. The linear dependence between
force and area of the focal adhesion shows that a constant stress is
applied to the various focal adhesions of the cell. Thus, the force
applied by the cell on its substrate is closely linked to the assembly
of the adhesion sites.

The measurements were performed on cells expressing GFP
derivatives of specific focal adhesion molecules, cultured on
micropatterned elastic substrates. The displacements of the pattern

Figure 3 Visualization of forces and focal adhesions. a, Fluorescence image of
a human foreskin fibroblast expressing GFP–vinculin, which localizes to focal adhe-
sions. Red arrows correspond to forces extracted from the displacements of the
patterned elastomer (Young’s modulus = 18 kPa). Note the alignment of force with
the direction of elongation of large focal adhesions. Inset, phase-contrast image of
the upper part of the cell (white rectangle), showing displacements of the dots
(green arrows); the pattern consists of small square pits (see Fig. 1j, 1). b,
Fluorescence image of a human foreskin fibroblast stained with antibodies against
paxillin, which also localizes at focal adhesions. Red arrows correspond to forces
extracted from the displacements of the patterned elastomer (Young’s modulus =
21 kPa); the pattern consists of small tips formed by electron-beam lithography
(see Fig. 1j, 3). c, Phase-contrast image of the same cell immediately before fixa-
tion. White scale bars represent 4 µm; red scale bars represent 30 nN.

Figure 4 Distribution of forces in a cardiac myocyte. After recording the dis-
placements of the pattern caused by beating (Fig. 2c, d), the cardiac myocytes are
stained for vinculin (red) to visualize the sites of force transmission, and for actin
(green). Yellow regions correspond to overlap of actin and vinculin. The light-blue
arrows denote the forces applied to the substrate at the vinculin-rich areas. White
bar = 6 µm; blue bar = 70 nN.
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ECM induced Integrin coupling to actin

D. Felsenfeld, D. Choquet and M. Sheetz, Nature; 383:438-440 (1996)
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Evidence of Rigidity sensing
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Extracellular Matrix Rigidity Causes
Strengthening of Integrin–Cytoskeleton Linkages

Daniel Choquet,* Dan P. Felsenfeld, generated within the CSK as the migrating cell pulls
itself forward.and Michael P. Sheetz

For the force generated by the cell to result in net cellDepartment of Cell Biology
movement, the adhesion site must be associated withDuke University Medical Center
a rigid structure in the ECM. Therefore, it is importantDurham, North Carolina 27710
to know whether the cell can sample the resistance of
an anchoring site and detect, for example, that free
aggregates of matrix molecules are different from theSummary
same molecules assembled into a rigid network. One
possible difference between free and bound matrix mol-To move forward, migrating cells must generate trac-
ecules is the physical force with which bound moleculestion forces through surface receptors bound to extra-
can resist forces applied by migrating cells.cellular matrix molecules coupled to a rigid structure.

Previous work has shown that whole cells can in-We investigated whether cells sample and respond to
crease their rigidity in response to physical stress (Satothe rigidity of the anchoring matrix. Movement of
et al., 1987; Zhelev and Hochmuth, 1995) and that CSKbeads coated with fibronectin or an anti-integrin anti-
assembly and matrix organization on the cell surface isbody was restrained with an optical trap on fibroblasts
influenced by matrix stiffness (Halliday and Tomasek,to mimic extracellular attachment sites of different
1995). More specifically, the use of integrin ligand–resistance. Cells precisely sense the restraining force
coated beads showed that CSK stiffness increases inon fibronectin beads and respond by a localized, pro-
proportion to stress applied to integrins (Wang et al.,portional strengthening of the cytoskeleton linkages,
1993; Wang and Ingber, 1994). Although structural re-allowing stronger force to be exerted on the integrins.
arrangements within an interconnected CSK latticeThis strengthening was absent or transient with anti-
could occur, the cell may alternatively locally controlbody beads, but restored with soluble fibronectin.
the formation of adhesion sites as a function of theHence, ligand binding site occupancy was required.
resistance of localized cell–substrate attachments.Finally, phenylarsine oxide inhibited strengthening of

Fibronectin is a major ECM component used by manycytoskeletal linkages, indicating a role for dephos-
cell types as a substrate for attachment and migrationphorylation. Thus, the strength of integrin–cytoskel-
(Ruoslahti, 1988). The most common fibronectin recep-eton linkages is dependent on matrix rigidity and on
tor is the a5b1 integrin (Dalton et al., 1992). Fibronectinits biochemicalcomposition.Matrixrigidity may, there-
binds to the integrin in fibroblasts through a consensusfore, serve asa guidance cue in a process of mechano-
site including the Arg-Gly-Asp (RGD) sequence (Ruos-taxis.
lahti, 1988). Unbound integrins are freely diffusive in the
membrane plane (Duband et al., 1988; Schmidt et al.,
1993; Felsenfeld et al., 1996). Aggregation and ligand

Introduction binding promote redistribution of integrins to focal adhe-
sion contacts and attachment to rearward-moving CSK

The migration of fibroblasts depends on interactions (Duband et al., 1988; LaFlamme et al., 1992; Schmidt et
between cell-surface adhesion receptors and compo- al., 1993; Miyamoto et al., 1995; Felsenfeld et al., 1996),
nents of the extracellular matrix (ECM; Hynes and in a mechanism that may involve the tyrosine kinase
Lander, 1992; Lauffenburger and Horwitz, 1996). It has FAK (for focal adhesion kinase; Romer et al., 1992) and
been suggested that cell migration results from the that occurs through the b1 cytoplasmic tail (Reszka et
generation of traction forces by the cytoskeleton (CSK) al., 1992).
at sites of cell adhesion (Harris et al., 1981; Sheetz, It remains unknown whether the degree of tension in
1994; Lauffenburger and Horwitz, 1996; Mitchison and the ECM is also a local determinant of the adhesion site
Cramer, 1996). Traction forces have indeed been experi- characteristics. Thus, we wished to analyze whether
mentally observed and measured (Harris et al., 1981; there exists a feedback mechanism allowing the cell to
Lee et al., 1994; Oliver et al., 1995). They can deform adjust traction forces it exerts as a function of anchoring
collagen gels or compliant substrata, leading to re- site resistance. This is analogous toasking whethercells
arrangement of collagen fibrils in vivo (Stopak et al., can function similarly to muscles matching contractile
1985), or govern cell shape (Sims et al., 1992). Further- force to the load.
more, they can be regulated by tyrosine phosphorylation To apply loads on spatially defined sites of attachment
(Crowley and Horwitz, 1995). Force generation is made and estimate the traction forces exerted by the cell, we
possible by the ability of adhesion receptors such as used latex beads coated with ligand as a surrogate for
integrins to bind simultaneously to matrix components ECM binding sites. Such beads direct the formation of
through their extracellular domains, and to CSK ele- focal contact like aggregates of CSK elements (Wang
ments through their cytoplasmic domains. Thus, these et al., 1993; Miyamoto et al., 1995). We used an optical
adhesion receptors transmit the mechanical tension gradient trap to place the beads on the cells and apply

calibrated forces (Ashkin, 1992; Kuo and Sheetz, 1992).
Freely moving, cell surface–bound, fibronectin-coated,*Present address: UMR CNRS 5541, Université Bordeaux 2, 146,

rue Leo Saignat, 33076 Bordeaux Cedex, France. or anti-b1 antibody–coated beads were used to mimic
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Table 1. Diffusion Coefficient and Velocity of Beads with or without Restraint

Diffusion (10210 cm2/s) Velocity (mm/s)

Bead Movement Low FN7-10 High FN7-10 Anti-b1 Low FN7-10 High FN7-10 Anti-b1

Freely moving beads 0.546 6 0.620 (13) 0.064 6 0.080 (17) 2.063 6 3.170 (6) 0.121 6 0.038 (13) 0.107 6 0.027 (17) 0.078 6 0.020 (6)
Restrained beads 0.032 6 0.010 (9) 0.014 6 0.007 (11) 0.112 6 0.200 (11) 0.111 6 0.014 (9) 0.117 6 0.034 (11) 0.112 6 0.046 (11)

Left, diffusion coefficients for the indicated ligands on the beads (mean 6 SD) during rearward movement for freely moving beads (i.e., beads
held ,2 s in the trap and then let free) or for restrained beads after escape. Beads displaying a purely diffusive behavior were excluded. The
diffusion coefficient for a stationary bead held in a laser trap was 0.004 3 10210 cm2/s. At low and high FN7-10 levels, the differences between
free and restrained beads were significant (p , 0.025). The differences between free high and free low, between restrained high and restrained
low, between restrained high and restrained anti-b1, were significant (p , 0.01).
Right, mean and standard deviation of the bead velocity in the same conditions as shown on the left. Only the velocity of free anti-b1 beads
was significantly different from the others (p , 0.03).
The number of beads measured in each case is shown in parentheses.

highest FN density, the diffusion coefficient, D, was as densities, D ranged from 9.30 3 10210 cm2/s for the few
freely diffusing beads to 0.033 3 10210 cm2/s for beadslow as 0.007 3 10210 cm2/s (average D 5 0.064 3 10210 6

0.0084 3 10210 cm2/s, n 5 17; see also Table 1), consis- displaying rearward movement (average D 5 1.98 3
10210 6 2.78 3 10210 cm2/s, n 5 20, significantly highertent with a tight attachment to CSK elements. At low
than that of high density beads p , 0.01). As a control
experiment, we used fibroblasts expressing a truncated
b1 subunit (Solowska et al., 1989) lacking the cyto-
plasmic tail. Out of 13 high density antibody–coated
beads placed on these cells, 12 displayed a purely diffu-
sive behavior (data not shown), while one moved
rearward.

Finally, at low FN7-10 density, 21 out of 43 beads
eventually unbound from the cell. Unbinding seemed to
occur preferentially at the rear of the lamellipodia, near
the endoplasm–ectoplasm boundary. Antibody-coated
beads did not release from the cell surface.

To ascertain the specificity of binding, beads were
coated with bovine serum albumin (BSA), displaying
marginal binding (6%, n 5 30) and no attachment to the
CSK. FN7-10 bead binding was blocked by the addition
of GRGDS peptide (1 mg/ml) but not scrambled peptide
SDGRG (1 mg/ml) (Figure 2). Thus, beads attach to the
RGD-sensitive receptor, a5b1, present in these cells
(Dalton et al., 1992). Unless mentioned, all furtherexperi-
ments were carried out with high density FN7-10 beads.

In summary, both FN7-10 and antibody-coated beads
bind specifically to integrins promoting their attachmentFigure 2. Specificity and Dose Dependence of FN7-10-Coated

Bead Binding to Fibronectin Receptors to the rearward moving CSK. However, FN7-10 beads
(A) Histogram of the percentage of beads that bound to the cell as bind more readily to the CSK, and the degree of anchor-
a function of coating and presence of soluble peptide. In these ing, evidenced by the diffusive coefficient of movement,
experiments, the binding of beads coated with BSA or recombinant is proportional to the density of ligand on the bead.
FN7-10 fragment of fibronectin was assessed on lamellipodia of
motile cells by holding the beads for 4 s on the cell surface with
the tweezers and then releasing the trap. Unbound beads drifted

FN7-10- but Not Antibody-Coated Beads Displayout of focus into the extracellular medium within seconds. Bead
Reinforcement of the Links to the CSKbinding was inhibited in the presence of 1 mg/ml of the fibronectin

receptor agonist peptide GRGDS, but not the same concentration upon Application of a Restraining
of the control scrambled peptide SDGRG. The total number of beads Force to the Bead
tested in each condition is given above each bar. p , 0.001 that We next determined the strength of the linkage to the
behavior of BSA beads or FN7-10 beads in the presence of GRGDS CSK after initial bead–cell contact as a function of the
are similar to control FN7-10 beads, x2 test.

extent of restraint of bead freedom of movement and(B) Plots of the percentage of beads displaying no binding (closed
type of ligand on the bead. After a bead was placed oncircle), diffusive movement (star), or rearward-directed movement

(open circle) as a function of the relative concentration of FN7-10 the lamella, a second application of the trap force was
on the bead surface. The amount of FN7-10 per bead was varied used to pull the bead back toward the leading edge
as indicated in Experimental Procedures. The total number of beads after it had traveled toward the nucleus (Figure 3A, inset).
tested in each condition is given above each category. p , 0.15 that This was performed by repositioning the stage so that
low and medium FN7-10 densities come from the same population,

the bead center was 0.5–0.7 mm ahead of the trap centercomparing bound and unbound beads. p , 0.001 that all other
(about the point of maximal trap force; see below), withdensity categories compared one with the other come from the

same population. respect to the bead path. The trap was then turned
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Figure 1. FN7-10- and High Density anti-b1-
Coated Beads Move Rearward on Lamelli-
podia of Fibroblasts

(Top) Differential interference contrast (DIC)
images of the lamellipodia of motile NIH 3T3
fibroblasts at the time at which 1-mm latex
beads have been placed on the cell surface
with the laser tweezers. The beads were
coated respectively with the FN7-10 recombi-
nant fragment of fibronectin at low (left) and
high (middle left) concentration, and with a
nonactivating anti-b1 antibody at low (middle
right) and high (right) concentration (see Ex-
perimental Procedures). The trajectory of the
bead in the first 40–60 s after contacting the
cell is superimposed as a white line. Scale
bar, 5 mm.
(Middle) X–Y plots of bead movement for
40–60 s after initial bead–cell contact (at the
origin of the plot) for the beads shown in (A).
X axis is horizontal, oriented left–right from
the micrographs; Y axis is vertical, oriented
bottom–top. At the end of its movement, the
low FN7-10-coated bead detached from

the cell surface (left), while the high FN7-10- and antibody-coated beads remained attached for the whole length of the experiment. Only the
low anti-b1-coated bead purely diffused in the plane of the membrane and did not display rearward directed movement.
(Bottom) Plots of bead displacement from the leading edge versus time with reference to the point and time at which the bead initially came
into contact with the lamellipodia. Traces are from the same experiments as in (A) and (B) in which the trap was turned off 1–4 s after initial
bead–cell contact. The period during which the trap is on is indicated by the thick line on top of both graphs.

the behavior of integrins bound to a flexible substrate to that of FN7-10-coated beads; the rest diffused freely
in the membrane plane.or free aggregates of matrix molecules. Bead movement

Directed bead movement paralleled that of rearward-was then restrained with the optical trap to model inte-
moving CSK material (data not shown). Furthermore, thegrin attachment to a more rigid site in the ECM.
speed of rearward movement did not appear to depend
on the type of ligand (fibronectin or antibody) or itsResults
density on the bead. Speed ranged between 0.08 mm/s
and 0.23 mm/s (average 0.11 6 0.03 mm/s, n 5 50 FN7-FN7-10- and Anti-b1 Antibody–Coated Beads Are
10 beads; 0.10 6 0.04 mm/s, n 5 17 antibody beads; allTransported Rearward on the Cell Surface
data mean 6 SD; see also Table 1). These values areTo observe the behavior of the a5b1 integrin in the pres-
within the published velocities of rearward-moving actinence or absence of bound ligand, we prepared 1-mm
CSK (Forscher and Smith, 1988; Theriot and Mitchison,beads coated at different densities either with a nonacti-
1991), suggesting that in these cells the retrogradevating anti-chicken b1 antibody (Duband et al., 1988) or movement of receptors is driven by the rearward flow

with a recombinant fragment of fibronectin, including of actin (Dembo and Harris, 1981; Kucik et al., 1991; Lin
the type III repeat 7–10 domains (FN7-10; Leahy et al., and Forscher, 1995).1996). This 40-kDa peptide contains the a5b1 integrin– In contrast, bead binding to the cell as well as the
binding domain (Kimizuka et al., 1991) but lacks other random diffusion component of bead movement dis-
domains that might interact with other receptors. Experi- played a strong dependence on the density and type of
ments were carried out on mouse NIH 3T3 fibroblasts ligand on the bead. The percentage of beads binding
expressing normal or mutant forms of the chicken b1 to the cell decreased with ligand density (see above;
integrin (Solowska et al., 1989; Schmidt et al., 1993). Figure 2B). More importantly, low density anti-b1 beads

When FN7-10-coated beads were held on the lamelli- diffused freely in the membrane, probably revealing the
podia of fibroblasts expressing normal chick b1 with behavior of unliganded integrins (Felsenfeld et al., 1996).
laser tweezers for 1–7 s, they bound and moved rear- By contrast, high density anti-b1 beads and all densities
ward toward the nucleus at a speed of 5–10 mm/min of FN7-10 beads actively moved toward the nucleus,
(Figure 1), independent of the density of FN7-10 we used further demonstrating that cross-linking of integrins with
on the bead (≈50–5000 molecules/mm2). In contrast, the anti-b1 antibodies also produces engagement with the
movement of anti-chick b1–coated beads on the cell CSK. It remains to be determined whether cross-linking
surface was strongly dependent on the ligand density. of fibronectin-bound integrins is a requirement for at-
Of the low density anti-b1 beads (incubated with 5 mg/ tachment to the CSK.
ml antibody) that bound to the cell (n 5 20 out of 39 Our data also suggest that the degree of attachment
beads), 90% displayed a purely diffusive movement (n 5 to the CSK depends on FN7-10 density on the beads.
20). At high antibody density (500 mg/ml), most beads Although most FN7-10 beads displayed rearward move-
bound to the cell (n 5 32 out of 36 beads), and 50% ment (Figures 1 and 2), the diffusive component dis-

played a strong dependence on ligand density. At thedisplayed a clear directed movement (n 5 32), similar

• Increasing the density of Fibronectin on beads increases directional rearward motion of beads

Michael Sheetz
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Fmin = ( ktrap kB T)½

• Restraining bead motion induces reinforcement of anchoring to actin

Optical trapping of beads (>5pN)
Brief trapping (a, <2s), bead escapes the trap
Re-trapping (b) moves the beads to the 
center of the trap

Longer trapping (>10s) holds the bead, which 
eventually escapes (a)
Upon re-trapping (b), the bead does not center 
to the trap and continues rearward movement

—Reinforcement of FN bead coupling to actin
Increases with FN density

Cell
42

on, and bead displacement was measured by single-
particle tracking of video frames (Gelles et al., 1988). As
shown in Figure 3A, beads that were held initially (la-
beled [a] in the figure) in the laser tweezers for only
0.5–2.0 s could be moved (labeled [b]) with forces in
excess of 5 pN irrespective of FN7-10 density (79%; n 5
34 beads moved .100 nm). No membrane deformation
was evident, indicating that bead rolling on the surface
is not the primary means of movement.

When a restraining force of more than 10 s duration
was applied to the bead during initial contact, beads
stalled, but then moved rearward, rapidly escaping the
force field of the trap (Figure 3B, label [a]). The field is
maximal at about 0.5 mm from the center of the trap
(Simmons et al., 1996) and decreases until about 2 mm,
where it is less than Brownian forces. At high FN7-10
densities, 100% of the beads escaped the maximal
tweezers force. However, at low FN7-10 densities, only
15 out of 39 of the bound beads escaped the tweezers
(set at forces of 8–15 pN), showing that the maximum
linkage strength was dependent upon the FN7-10 den-
sity. Strikingly, when the cell pulled the bead out of the
trap (Figure 3B, label [a]), the same or a lower force could
not move the bead (Figure 3B, label [b]). We defined this
process as reinforcement of the linkage of a bead to
the cell, characterized by a decrease in the ability of a
given optical trap force to displace the bead on the cell
surface. This reinforcement was systematically ob-
served for restraining forces ranging from 5 pN to 60
pN on 81 out of 90 beads.

Reinforcement was not observed with anti-b1-coated
beads. As shown in Figure 3C, an antibody-coated bead
traveled for about 1 mm and popped back to the trap
center, implying that the CSK link spontaneously broke
(Figure 3C during label [a]). This rupture occurred past
the point of maximum force (≈0.5 mm), suggesting a
weakening of the CSK linkage. This bead eventually fully
escaped the tweezers, but when the strength of the CSK

Figure 3. FN7-10- and Not Anti-b1-Coated Beads Display Increased links was later assayed (Figure 3C [b]), the links were
Stiffness of Links to the CSK after Application of a Force Restraining

weak enough to allow bead displacement by the tweez-Bead Movement
ers. After the trap is turned off (b), the bead pops back(A, B, and C, top, traces) Plots of bead displacement from the leading
to its original position, indicative of the elasticity of CSKedge versus time with reference to the point and time at which the
links.bead initially came into contact with the lamellipodia. Beads were

respectively coated with FN7-10 (A, B) or anti-b1 (C). Traces are Diffusion coefficient was used as another measure of
from three separate experiments in which (A) the trap was turned the rigidity of the bead attachment to the CSK. The
off 1.5 s after initial bead–cell contact, or (B, C) the trap remained diffusive component was decreased after the bead es-
on (shaded area labeled [a]) until the bead escaped its radius of caped the laser trap (Table 1). This effect was mostaction (about 2.0 mm away from its center, which is always at dis-

dramatic on low density FN7-10 beads, whose diffusiontance 0), that is, respectively, for 12 s and 34 s in (B) and (C). After
coefficient was 17 times lower for reinforced beads thanthe beads traveled over 2 mm, the stage was moved (broken line)

to reposition the bead within 0.7 mm of the trap center (the latter for unrestrained ones. High density beads displayed a
being placed behind the bead, with respect to its direction of move- 5-fold decrease. In contrast, antibody-coated beads did
ment). The laser was then turned on again to apply force on the not exhibit a statistically significant decrease after they
bead to assess the strength of the bead–CSK link (shaded area escaped the trap.labeled [b]). This protocol is illustrated in the inset in (A). With the

Taken together, the decrease in bead diffusion coeffi-brief initial trap exposure (A, [a]) the retrapping immediately moved
cient and the decrease in movement in response tothe bead back toward the trap center, but the bead resumed its

forward movement within seconds despite the continuous presence an applied force indicate that restraining the rearward
of the trap. In contrast, after first experiencing escape from the movement of FN7-10-coated beads on the cell surface
maximum trap force (B, [a]; C, [a]), retrapping did not move the FN7-
10-coated bead (B, [b]), but could move the antibody-coated one
(C, [b]). Note that during (C, [a]), there was a spontaneous breakage
of the CSK links, leading to a pop back of the bead toward the regions through which the bead traveled during the course of the
trap center. Laser intensities used in these experiments generated experiment represented in (A), (B), and (C) (top traces). The position
maximum trap forces of 10–20 pN. of the focal point of the laser trap is represented by the two arrow-
(A, B, and C, bottom, images) Sequential DIC images of the cell heads. Scale bar, 2 mm.
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on, and bead displacement was measured by single-
particle tracking of video frames (Gelles et al., 1988). As
shown in Figure 3A, beads that were held initially (la-
beled [a] in the figure) in the laser tweezers for only
0.5–2.0 s could be moved (labeled [b]) with forces in
excess of 5 pN irrespective of FN7-10 density (79%; n 5
34 beads moved .100 nm). No membrane deformation
was evident, indicating that bead rolling on the surface
is not the primary means of movement.

When a restraining force of more than 10 s duration
was applied to the bead during initial contact, beads
stalled, but then moved rearward, rapidly escaping the
force field of the trap (Figure 3B, label [a]). The field is
maximal at about 0.5 mm from the center of the trap
(Simmons et al., 1996) and decreases until about 2 mm,
where it is less than Brownian forces. At high FN7-10
densities, 100% of the beads escaped the maximal
tweezers force. However, at low FN7-10 densities, only
15 out of 39 of the bound beads escaped the tweezers
(set at forces of 8–15 pN), showing that the maximum
linkage strength was dependent upon the FN7-10 den-
sity. Strikingly, when the cell pulled the bead out of the
trap (Figure 3B, label [a]), the same or a lower force could
not move the bead (Figure 3B, label [b]). We defined this
process as reinforcement of the linkage of a bead to
the cell, characterized by a decrease in the ability of a
given optical trap force to displace the bead on the cell
surface. This reinforcement was systematically ob-
served for restraining forces ranging from 5 pN to 60
pN on 81 out of 90 beads.

Reinforcement was not observed with anti-b1-coated
beads. As shown in Figure 3C, an antibody-coated bead
traveled for about 1 mm and popped back to the trap
center, implying that the CSK link spontaneously broke
(Figure 3C during label [a]). This rupture occurred past
the point of maximum force (≈0.5 mm), suggesting a
weakening of the CSK linkage. This bead eventually fully
escaped the tweezers, but when the strength of the CSK
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Stiffness of Links to the CSK after Application of a Force Restraining

weak enough to allow bead displacement by the tweez-Bead Movement
ers. After the trap is turned off (b), the bead pops back(A, B, and C, top, traces) Plots of bead displacement from the leading
to its original position, indicative of the elasticity of CSKedge versus time with reference to the point and time at which the
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from three separate experiments in which (A) the trap was turned the rigidity of the bead attachment to the CSK. The
off 1.5 s after initial bead–cell contact, or (B, C) the trap remained diffusive component was decreased after the bead es-
on (shaded area labeled [a]) until the bead escaped its radius of caped the laser trap (Table 1). This effect was mostaction (about 2.0 mm away from its center, which is always at dis-

dramatic on low density FN7-10 beads, whose diffusiontance 0), that is, respectively, for 12 s and 34 s in (B) and (C). After
coefficient was 17 times lower for reinforced beads thanthe beads traveled over 2 mm, the stage was moved (broken line)

to reposition the bead within 0.7 mm of the trap center (the latter for unrestrained ones. High density beads displayed a
being placed behind the bead, with respect to its direction of move- 5-fold decrease. In contrast, antibody-coated beads did
ment). The laser was then turned on again to apply force on the not exhibit a statistically significant decrease after they
bead to assess the strength of the bead–CSK link (shaded area escaped the trap.labeled [b]). This protocol is illustrated in the inset in (A). With the

Taken together, the decrease in bead diffusion coeffi-brief initial trap exposure (A, [a]) the retrapping immediately moved
cient and the decrease in movement in response tothe bead back toward the trap center, but the bead resumed its

forward movement within seconds despite the continuous presence an applied force indicate that restraining the rearward
of the trap. In contrast, after first experiencing escape from the movement of FN7-10-coated beads on the cell surface
maximum trap force (B, [a]; C, [a]), retrapping did not move the FN7-
10-coated bead (B, [b]), but could move the antibody-coated one
(C, [b]). Note that during (C, [a]), there was a spontaneous breakage
of the CSK links, leading to a pop back of the bead toward the regions through which the bead traveled during the course of the
trap center. Laser intensities used in these experiments generated experiment represented in (A), (B), and (C) (top traces). The position
maximum trap forces of 10–20 pN. of the focal point of the laser trap is represented by the two arrow-
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on, and bead displacement was measured by single-
particle tracking of video frames (Gelles et al., 1988). As
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(Simmons et al., 1996) and decreases until about 2 mm,
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trap (Figure 3B, label [a]), the same or a lower force could
not move the bead (Figure 3B, label [b]). We defined this
process as reinforcement of the linkage of a bead to
the cell, characterized by a decrease in the ability of a
given optical trap force to displace the bead on the cell
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served for restraining forces ranging from 5 pN to 60
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Figure 3. FN7-10- and Not Anti-b1-Coated Beads Display Increased links was later assayed (Figure 3C [b]), the links were
Stiffness of Links to the CSK after Application of a Force Restraining

weak enough to allow bead displacement by the tweez-Bead Movement
ers. After the trap is turned off (b), the bead pops back(A, B, and C, top, traces) Plots of bead displacement from the leading
to its original position, indicative of the elasticity of CSKedge versus time with reference to the point and time at which the
links.bead initially came into contact with the lamellipodia. Beads were

respectively coated with FN7-10 (A, B) or anti-b1 (C). Traces are Diffusion coefficient was used as another measure of
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(C, [b]). Note that during (C, [a]), there was a spontaneous breakage
of the CSK links, leading to a pop back of the bead toward the regions through which the bead traveled during the course of the
trap center. Laser intensities used in these experiments generated experiment represented in (A), (B), and (C) (top traces). The position
maximum trap forces of 10–20 pN. of the focal point of the laser trap is represented by the two arrow-
(A, B, and C, bottom, images) Sequential DIC images of the cell heads. Scale bar, 2 mm.
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Figure 6. Inhibition of Resistance-Induced Reinforcement of Bead–
Figure 5. The Amount of Reinforcement of CSK Links Is Propor- CSK Links by PAO
tional to the Applied Restraining Force Bead displacement versus time during a 15–20 s application of
(A) Displacement versus time of a FN7-10-coated bead that initially 25–30 pN restraining force after initial cell–bead contact (label [a])
escaped a 6 pN force and whose strength of CSK attachment was and subsequent test for strength of the bead attachment (label [b]).
further tested with a 6 pN and a 60 pN trap. Only the latter could In control conditions (A) and in the presence of 100 mM genistein
move the bead. (B), reinforcement of bead–CSK attachments by force is observed.
(B) Plot of the amount of force required to move beads (ordinate) In the presence of 5 nM PAO, beads either display no reinforcement
that have escaped a given restraining trap force (abscissa). Each (C) or cannot escape the trap (D).
FN7-10-coated bead was allowed to escape from a trap of given
force and then successively assessed for the ability to be displaced
by traps of increasing forces in 2-fold increments. This was per- rearward movement without applying force. A feedback
formed by placing the trap center roughly 0.5 mm away from the

circuit using position information from a quadrant detec-bead center and switching the laser on, repeating this procedure
tor (Finer et al., 1994) drove a piezoelectric stage towith increasing force on the same bead. A force was scored as able
hold the bead within 50 nm of the trap center, where itto displace the bead if the latter moved by more than 100 nm. These

measured forces were averaged for all beads restrained by a given experienced ,10% of the maximal force (Ashkin, 1992).
force (a minimum of six beads was tested at each restraining force). Beads irradiated with a laser light for 20 s while moving
For a restraining force of 15 pN, 3 out of 6 beads could not be rearward without restraint could then be moved toward
displaced even by the highest force (50 pN). Data are given 6 SD the leading edge with a trapping force generated by theand fitted with a linear regression line of slope 2.9 and correlation

same laser power (n 5 28 out of 38 beads; forces 18coefficient of 0.96.
pN to 50 pN; data not shown), indicating that the CSK(C) Superimposed traces of trajectories of beads during escape

from laser traps having a maximal force of 3.5, 6, and 23 pN. Each linkage was not reinforced. The displacement of these
trace corresponds to one laser power and is the mean of four to beads was indistinguishable from that of beads that
seven individual bead traces. Each bead was put into contact with were not irradiated. This demonstrates that applica-
the cell at time zero and the tweezers left on until the bead had

tion of force, and not laser irradiation, induces rein-moved 1 mm. For comparison, the mean trajectory of beads that
forcement.did not experience force is included (closed circle). Note that these

beads move at a constant speed just after contacting the cell. All
experiments were performed on the same batch of cells. A Biochemical Step Is Involved in Reinforcement
(D) Mean time and SD for beads to move 0.5 mm from the trap center Finally, we tried to determine whether phosphorylation
versus maximum trap force for the same experiments as in (C). was involved in reinforcement by adding kinase and

phosphatase inhibitors. Low doses of the tyrosine phos-
phatase inhibitor phenylarsine oxide (PAO) could blockneighboring beads (n 5 6 pairs). When one of the beads

was restrained by the tweezers and displayed reinforce- this process specifically (Figure 6), with no effects on
lamellipodia morphology and rearward CSK movementment, the other one never displayed reinforcement. Re-

inforcement is therefore limited to a maximum area of as demonstrated by the normal speed of rearward bead
movement. In the presence of PAO, beads either could8–12 mm2 around the bead center.
not escape the trap within 10 s (13 out of 34), or if they
escaped the trap, they could still be displaced by theRestraining Force and Not Laser Irradiation

Causes Reinforcement same force (17 out of 21). This suggests that reinforce-
ment is rapidly reversible after escape from the trap. InSince laser tweezers force was proportional to the laser

light intensity, reinforcement correlated with both laser contrast, a high dose of the tyrosine kinase inhibitor
genistein had no effect on bead reinforcement (nor didirradiation dosage and the applied restraining force.

Thus, it remained plausible that reinforcement was the protein kinase C activator, phorbol myristate acetate
[PMA]). A number of other drugs blocked both cell motil-caused by a byproduct of laser irradiation, rather than by

the applied restraining force itself. Todetermine whether ity and attachment to CSK, and no dose could discrimi-
nate the two (e.g., another tyrosine phosphatase inhibi-photodamage caused reinforcement, we developed a

tracking system that allowed irradiation of a bead during tor, vanadate; buffering intracellular calcium with a

Restraining force Measured force to move the bead
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Kinetics of reinforcement is independent 
of restraining force
Reinforcement is localized (a 
neighboring (~2µm) bead is unaffected)

• Reinforcement requires post-
translational modifications (tyrosine 
phosphorylation)
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Figure 7. Model of the Regulation of FN7-10–
CSK Linkages as a Function of ECM Resis-
tance to Displacement
Binding of FN7-10 and cross-linking of inte-
grins induces their attachment to the rear-
ward moving CSK. Linkage to the CSK is
modeled as a spring element in parallel with
viscous drag. Movement is powered by a
force (small arrow). As the bead movement
is restrained by the laser trap, CSK linkages
are put under tension. Stronger integrin–CSK
links are formed when the CSK overcomes
the trap force to move the particle rearward
(bottom left, reinforcement) with FN7-10
beads or with anti-b1 beads in the presence
of soluble FN7-10. This could occur either by
strengthening of existing links or by recruit-
ment of additional links and associated motor
elements. There is no reinforcement with anti-
b1 beads, or with FN7-10 beads in the pres-
ence of the phosphatase inhibitor PAO (bot-
tom right, no reinforcement). In some cases,
these beads can escape the trap but then
display weak links, suggesting that there can
be a reversal of the stiffening of links. The
linkage breaks and the bead does not escape
the trap when the resistance of the link is too
weak to overcome the trap force.

is reversed within tens of seconds. Similarly, there is a as a function of the elastic properties of the underlying
substrate. Previous studies have shown that cells cantransient reinforcement with FN7-10-coated beads in

the presence of PAO. This argues for the involvement sense and respond to applied forces (Sato et al., 1987;
Wang et al., 1993; Wang and Ingber, 1994; Zhelev andof a protein phosphatase in the stabilization phase of

reinforced links. Hochmuth, 1995). Along this line, the organization of
actin bundles within the cell is favored by rigid versusIn building working models, one must distinguish the

sensing mechanism that detects the traction force on an relaxed substrates (Shirinsky et al., 1989; Halliday and
Tomasek, 1995). Furthermore, it has been recently ob-attachment point and the effector system that reinforces

the attachment. The rearward flow of actin may be pow- served that neutrophils moving in three-dimensional
matrices chose to move along the most rigid fibrils afterered by myosins (Lin et al., 1996), but in some systems

that flow is clearly independent of bipolar myosin (Wes- probing the environment (Mandeville et al., 1996). In our
case, we find additionally that the cell can develop asels et al., 1988). A mechano enzyme could be part of

the link between the integrins and the CSK. Its activation force on fibronectin contacts in proportion to the resis-
tance of those contacts. When the matrix resists move-would be triggered as the site of contact with the ECM

is put under tension and would result in biochemical ment, the linkage to the CSK is strengthened, enabling
the cell to pull itself forward or to generate a traction inmodification or recruitment of new CSK elements lead-

ing to rigidification of the links, for example by allowing the matrix. Biochemical processes responsible for that
strengthening can be modulated, affording the cell con-for the coupling of new cross-linking elements.

Alternatively, we favor a model inwhich local deforma- trolmechanisms for both assembling and disassembling
linkages to the CSK as the force on those linkagestions in the CSK matrix could concentrate CSK-associ-

ated enzymes to the contact site that would reinforce the changes. Thus, the cell can readily sample and respond
to the physical as well as the biochemical nature of itscontact by proximity-dependent modifications, addition

of new elements, or both. Reinforcement can then occur extracellular contacts.
Most models for substrate-based cell guidance haveby biochemical stabilization of inter-CSK protein links.

The antibody experiments show that binding of integrins relied on the biochemical nature of the cues delivered
to the cell. We propose here that the physical character-to the CSK is not enough to trigger this mechanism. We

further suggest that activation of the integrin by FN7- istic, namely the resistance to displacement of the sub-
strate, is an additional cue that cells can use to orient10 stimulates an enzyme, such as a phosphatase, partic-

ipating in the stabilization of the linkages. during migration.

Experimental ProceduresImplications for the Guidance of Cell Movement by
Extracellular Matrix Rigidity: Is Mechanotaxis

Cells, Reagents, and Microscopya Possible Guidance Mechanism?
Experiments were performed on NIH 3T3 mouse fibroblastsAt the cellular level, there are many potential advantages
transfected with the cDNA encoding the chick b1 subunit of integrin

to sensing the resistance of the matrix. By regulating or a truncated subunit lacking the cytoplasmic tail (Hayashi et al.,
forces at individual sites in response to the resistance 1990). Cells were plated on laminin-coated, silanized glass cov-

erslips (Schmidt et al., 1993) and visualized with a 1.3 NA 1003of the extracellular environment, the cell could navigate

Implications: rigidity as a guidance cue
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traction forces ~ of migration 

FIGURE 2 

(b) 

Orientation of traction forces in response to environmental cues. (a) When there are no external cues, traction forces (small arrows) in the front of the cell 
are oriented rearward and traction forces in the back of the cell are oriented forward. For net forward movement to occur (large arrow), the forces in the 
front of the cell must exceed the forces in the rear by an amount equal to the fluid drag, which is the force imposed on the cell by the surrounding media. 
(b) When a migrating cell encounters an appropriate molecular cue in its environment [indicated as fibronectin (FN)], the receptors that recognize the cue 
associate with force-generating components of the cytoskeleton. The increase in traction force generated at that side of the cell (small arrows) causes the 
cell to turn (large arrow) towards the location of the ligand. (c) The stiffness of the extracellular matrix (ECM) in the cellular environment might also orient 
the direction of cell migration. The binding of integrins to pre-stressed ECM fibres (straight lines; relaxed ECM shown as wavy lines) would selectively 
strengthen the linkage between those receptors and the force-generating cytoskeleton at that side of the cell. The localized increase in traction forces 
(small arrows) causes the cell to turn (large arrow) towards the rigid substrate. 

proport ional  s trengthening of adhesive contacts pro- 
vides a set point  for the resting tension in tissues. This 
could be an impor tant  aspect of tissue homeostasis. 

Organization of receptor-mediated force in cell 
migration 

Migrating cells organize ECM-cytoskeleton linkages 
spatially to generate traction forces against the sub- 
strate. The estimated traction force of 3 nN per adhe- 
sive contact  3° generates a force of 10 nN per micron 
of cell length 31 in fibroblasts. The traction forces are 
sufficient to pull cells into wounds  or th rough  tissues 
and are significantly larger than  the fluid drag force 
imposed on cells that  simply swim in their surround- 
ing medium (0.2 pN for a cell moving at 40 pin min-1). 
The rearward direction of these forces in the front of 
the cell is suggested by the retrograde m o v e m e n t  of 
actin in the lamell ipodium of fibroblasts 3z and the 
lamella of growth cones 33. Whether  the actin associ- 
ated with the rigid contacts is stationary or dynamic  
is a matter  of debatel,34,3s; but  only  3-10 actin fila- 
ments  are needed to support  the forces applied to 
individual focal contacts 36. These rearward traction 
forces in the front of fibroblasts are opposed by for- 
ward-directed forces in the rear of the cell 31 (Fig. lc), 
and these forces change direction under  the nuclear 
region 3°. However, in keratocytes, the p redominan t  
inward tractions and the long axis of the cell are or- 
thogonal  to those of fibroblasts 37,38, suggesting that  
the orientat ion of these forces regulates cell shape. 

Although there is increasing evidence for the inter- 
action of actin and myosin  II in the generation of 
traction forces 39,4°, the mechanism by which  this 
interaction is employed in cell movement  is currently 
unclear (see Ref. 5 for review). Recent experiments 
demonstra te  that  the majori ty of ventral actin fila- 
ments  have a graded polarity, with barbed ends ori- 
ented outward at the anterior and posterior regions 
of the cell and mixed polarity in the cell centre 41,42. 
The change in fibre direction along the length of the 
cell, and the m o v e m e n t  of some of the fibres in the 
front of the cell body  with respect to other stationary 
fibres, suggests that  a myos in  transport  mechan i sm 

(Fig. lc) might  operate 4°. This is also supported by 
subcellular measurements  of traction forces on  ven- 
tral contacts, which demonstrate  oscillations in the 
forces, which  increase and change direction in the 
central region of the cell 3° where the polarity of 
actin filaments becomes mixed 41. 

For cell migrat ion to occur, integrin funct ion and 
force generation need to be regulated between the 
front and back of the cell. The forces at the front  and 
back of the cell are oriented in opposing directions 
(Fig. 2a). However, the unit  force integrated over the 
area of the leading lamella is slightly greater in 
magni tude  (by the amount  needed to overcome the 
fluid drag force of the medium) than  the force gen- 
erated by the smaller tail region. This imbalance gives 
rise to a net  forward m o v e m e n t  of the cell. 

After the cell pulls itself forward over an adhesion 
site, adhesion complexes need to be dissolved. Position- 
dependent downregulation of integrin function might 
result from a decrease in integrin affinity for cyto- 
skeleton or ligand. The observation of a preferential 
attachment of integrins to the cytoskeleton at the front 
of the cell is consistent with this model  43. Al though 
some integrins remain bound  to the substrate at the 
back of the cell (and in some cases may  be torn  from 
the cell and left behind  on the substrate15), the re- 
versal of the orientat ion of force under  the nucleus 
raises the possibility that  there could be release of 
force-generating contacts before or near the nuclear 
region. A posi t ion-dependent  biochemical  mecha-  
nism for regulating these interactions is favoured 44, 
a l though force could play a major  role in releasing 
recalcitrant contacts at the back of the cell (Fig. ld). 

Future directions 
Major mysteries surround the basis of reversibility 

of the ECM-receptor-cytoskeleton linkages, which 
may  be positionally dependent  and decrease in 
strength towards the cell rear in migration. We pro- 
pose that  traction forces can cause contact  release 
and facilitate forward m o v e m e n t  of the cell as the 
number  of contacts decreases towards the rear of a 
trigonally shaped fibroblast. We also hypothesize 
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ABSTRACT Directional cell locomotion is critical in many physiological processes, including morphogenesis, the immune
response, and wound healing. It is well known that in these processes cell movements can be guided by gradients of various
chemical signals. In this study, we demonstrate that cell movement can also be guided by purely physical interactions at the
cell-substrate interface. We cultured National Institutes of Health 3T3 fibroblasts on flexible polyacrylamide sheets coated
with type I collagen. A transition in rigidity was introduced in the central region of the sheet by a discontinuity in the
concentration of the bis-acrylamide cross-linker. Cells approaching the transition region from the soft side could easily
migrate across the boundary, with a concurrent increase in spreading area and traction forces. In contrast, cells migrating
from the stiff side turned around or retracted as they reached the boundary. We call this apparent preference for a stiff
substrate “durotaxis.” In addition to substrate rigidity, we discovered that cell movement could also be guided by manipu-
lating the flexible substrate to produce mechanical strains in the front or rear of a polarized cell. We conclude that changes
in tissue rigidity and strain could play an important controlling role in a number of normal and pathological processes involving
cell locomotion.

INTRODUCTION

Cell migration plays an important role in numerous physi-
ological and pathological processes, such as morphogenesis
(Juliano and Haskill, 1993), wound healing (Martin, 1997),
and tumor metastasis (Bernstein and Liotta, 1994). Migra-
tion, in turn, involves a number of coordinated events,
including the protrusion of pseudopodia, the formation of
new adhesions, the development of traction, and the release
of old adhesions (Lauffenburger and Horwitz, 1996).

To achieve appropriate physiological outcomes, cell
movement must maintain a defined direction and speed in
response to environment stimuli. Migration control by gra-
dients of dissolved or surface-attached chemicals (chemo-
taxis and haptotaxis, respectively) has been investigated for
many years (Carter, 1965, 1967; Harris, 1973; Pettit and
Fay, 1998). In addition, cells are known to orient and
migrate in response to gradients of light intensity (photo-
taxis; Saranak and Foster, 1997), electrostatic potential (gal-
vanotaxis; Erickson and Nuccitelli, 1984; Brown and Loew,
1994), and gravitational potential (geotaxis; Lowe, 1997).
While these various forms of control imply the existence of
unique sensing mechanisms, at the cellular level all of them
can be achieved with passive feed-forward sensing mecha-
nisms. In contrast, metazoan organisms also possess the
capacity for so-called active sensing of the environment,
such as the sonar facility of bats and whales, in which active
perturbations are applied to the environment as part of the
sensing mechanism. Another example is tactile sensation, in

which the organism initiates the sensory transaction by
using its mechanical abilities to reach out and actively
explore the environment. The results are then interpreted
and used to control behavior.

Tactile sensation in metazoans is a complex sensory loop
requiring communication and cooperation of many different
cell types. Remarkable as it may seem, there are indications
that something similar can also occur with single cells. For
example, transient mechanical stimuli can induce motility
of stationary fish epidermal keratocytes (Verkhovsky et al.,
1999). Furthermore, axons of both chick sensory and brain
neurons can be initiated and elongated by applying mechan-
ical tension (Bray, 1984; Lamoureux et al., 1989; Chada et
al., 1997). Mechanical properties of the extracellular matrix
(ECM) have also been reported to influence fibronectin
fibril assembly (Halliday and Tomasek 1995; Schwarzbauer
and Sechler, 1999), cytoskeletal stiffness (Wang et al.,
1993), and the strength of integrin-cytoskeleton linkages
(Choquet et al., 1997), factors known to affect cell locomo-
tion. In our previous study, we found that cells showed
different morphologies and motility rates when cultured on
substrates of identical chemical properties but different ri-
gidities (Pelham and Wang, 1997). From these observa-
tions, one may predict that cells are capable of responding
to substrate rigidity through a true active tactile exploration
process, by exerting contractile forces and then interpreting
the substrate deformation to determine a preferred direction
or destination of their movements (Pelham and Wang, 1997;
Sheetz et al., 1998).

Our approach to testing this hypothesis consists of putting
motile National Institutes of Health 3T3 cells on collagen-
coated polyacrylamide substrates with a rigidity gradient,
under conditions such that the only way the cells can detect
this stiffness gradient is by a process of active tactile ex-
ploration. Our results indicate that 3T3 fibroblasts can in-
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DISCUSSION

The phenomenon

The most significant finding in this study is that cultured
cells can guide their movement by probing the substrate
rigidity. As the leading edge crosses onto rigid substrates,
lamellipodia and lamella expand, leading to directed migra-
tion onto the rigid substrate. Conversely, as the leading edge
approaches the soft side, local retractions take place, caus-
ing the cell to change direction.

In addition to substrate rigidity, we have demonstrated
that mechanical input generated by substrate deformation
also regulates the formation and retraction of lamellipodia.
This is to be expected in an active sensing system, because
the force/deformation caused by the external manipulation
will be superimposed on the effects of the cellular probing
forces. In all cases cells responded with the formation/
expansion of lamellipodia when the substratum was locally
pulled outward from the center, and with retraction when
the substratum was pushed inward. Because fibroblasts ex-

FIGURE 1 Movements of National Institutes of Health 3T3 cells on substrates with a rigidity gradient. Images were recorded with simultaneous phase
and fluorescence illumination. Changes in substrate rigidity can be visualized as changes in the density of embedded fluorescent beads. (a) A cell moved
from the soft side of the substrate toward the gradient. The cell turned by !90° and moved into the stiff side of the substrate. Note the increase in spreading
area as the cell passed the boundary. (b) A cell moved from the stiff side of the substrate toward the gradient. The cell changed its direction as it entered
the gradient and moved along the boundary. Bar, 40 !m.
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ertcentripetalforcesonthesubstrate(DemboandWang
1999),pullingtheflexiblesubstrateawayfromthecell
centermeansthatcell-generatedforcesproducelesssub-
stratemotion,whichmaythenbeinterpretedbythecellas
beingequivalenttoastiffersubstrate.Conversely,pushing
thesubstratetowardthecellcentershouldincreasethe
effectivesubstratemotion,whichistherebyinterpretedby
thecellassofteningofthesubstrate.Thustheseresults
confirmandextendourconclusionbasedonthegradientof
stiffness.

Itisworthnotingthatrigidity-guidedmovement(duro-
taxis)takesplaceonlywhentherearenoothercellsinthe
vicinity.Athighdensities,cellsfromthesoftorthestiff

sidecanmovefreelyacrosstherigiditygradient,mostlikely
asaresultofpullingorpushingforcesfromneighborcells
transmittedviadirectcontactorthroughtheelasticsub-
strate.Theseforcesareanalogoustoourexternalmanipu-
lationsinthattheysendadditionalmechanicalsignalsinto
therecipientcell,confusingitssubstrateprobingprocess.
Thisexplainswhy,unlikethephenomenaofhaptotaxis
(Carter,1965,1967;Harris,1973),therewasnoclearac-
cumulationofcellsonthestiffsideoveraprolongedperiod
oftime.Ontheotherhand,theabilityofcellstointeract
mechanicallyacrosslongdistancesofflexiblesubstrates
mayrepresentaneffectivemeansofcommunicationinvivo
andmayexplainthestrikingmergingmovementwhentwo

TABLE1PropertiesofNIH3T3cellsculturedonsubstratesofdifferentrigidities

Young’smodulus
(kdyn/cm2)

Tractionforces
(kdyn/cm2)

Cellspeed
(!m/min)

Projectedarea
(103!m2)

1406.2!1.3(n"6)0.44!0.23(n"33)1.74!0.14(n"5)
30010.9!3.4(n"6)0.26!0.13(n"24)2.18!0.17(n"5)

Thevaluesinthistablearemean!standarddeviation.Thedifferencesintractionforces,cellspeed,andspreadingareawerestatisticallysignificant(p"
0.02,0.0001,and0.0003,respectively).

FIGURE2Relativesurfacedensityofcollagenacrosstherigiditygra-
dientofapolyacrylamidesheet.(a)Imageofredfluorescentbeadsem-
beddedonthestiffsideofthesubstrate,identifyingtheregionwhere
rigidityvariesbetween300and140kdyn/cm2.(b)Correspondingimageof
greenfluorescentbeadscoatedwithanti-mouseIgGandboundtoprimary
anti-collagenantibodiesonthesurfaceofthesubstrate.Nobindingwas
observedupontheomissionoftheprimaryantibody.Bar,100!m.

FIGURE3Calculatedtractionforcesof3T3cellsplatedonstiff(a)or
soft(b)polyacrylamidesubstrates.Statisticallysignificanttractionforces
withinthecellboundaryareshownasvectors.(a)Young’smodulus,300
kdyn/cm2;cellarea,1005!m2;RMStractionstress,8.7kdyn/cm2.(b)
Young’smodulus,140kdyn/cm2,cellarea,833!m2;RMStractionstress,
5.6kdyn/cm2.
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Collagen density
(rigidity 140-300 kdyn/cm2)

ert centripetal forces on the substrate (Dembo and Wang
1999), pulling the flexible substrate away from the cell
center means that cell-generated forces produce less sub-
strate motion, which may then be interpreted by the cell as
being equivalent to a stiffer substrate. Conversely, pushing
the substrate toward the cell center should increase the
effective substrate motion, which is thereby interpreted by
the cell as softening of the substrate. Thus these results
confirm and extend our conclusion based on the gradient of
stiffness.

It is worth noting that rigidity-guided movement (duro-
taxis) takes place only when there are no other cells in the
vicinity. At high densities, cells from the soft or the stiff

side can move freely across the rigidity gradient, most likely
as a result of pulling or pushing forces from neighbor cells
transmitted via direct contact or through the elastic sub-
strate. These forces are analogous to our external manipu-
lations in that they send additional mechanical signals into
the recipient cell, confusing its substrate probing process.
This explains why, unlike the phenomena of haptotaxis
(Carter, 1965, 1967; Harris, 1973), there was no clear ac-
cumulation of cells on the stiff side over a prolonged period
of time. On the other hand, the ability of cells to interact
mechanically across long distances of flexible substrates
may represent an effective means of communication in vivo
and may explain the striking merging movement when two

TABLE 1 Properties of NIH 3T3 cells cultured on substrates of different rigidities

Young’s modulus
(kdyn/cm2)

Traction forces
(kdyn/cm2)

Cell speed
(!m/min)

Projected area
(103 !m2)

140 6.2 ! 1.3 (n " 6) 0.44 ! 0.23 (n " 33) 1.74 ! 0.14 (n " 5)
300 10.9 ! 3.4 (n " 6) 0.26 ! 0.13 (n " 24) 2.18 ! 0.17 (n " 5)

The values in this table are mean ! standard deviation. The differences in traction forces, cell speed, and spreading area were statistically significant (p "
0.02, 0.0001, and 0.0003, respectively).

FIGURE 2 Relative surface density of collagen across the rigidity gra-
dient of a polyacrylamide sheet. (a) Image of red fluorescent beads em-
bedded on the stiff side of the substrate, identifying the region where
rigidity varies between 300 and 140 kdyn/cm2. (b) Corresponding image of
green fluorescent beads coated with anti-mouse IgG and bound to primary
anti-collagen antibodies on the surface of the substrate. No binding was
observed upon the omission of the primary antibody. Bar, 100 !m.

FIGURE 3 Calculated traction forces of 3T3 cells plated on stiff (a) or
soft (b) polyacrylamide substrates. Statistically significant traction forces
within the cell boundary are shown as vectors. (a) Young’s modulus, 300
kdyn/cm2; cell area, 1005 !m2; RMS traction stress, 8.7 kdyn/cm2. (b)
Young’s modulus, 140 kdyn/cm2, cell area, 833 !m2; RMS traction stress,
5.6 kdyn/cm2.
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1 dyn = 10-5 N
1 kdyn/cm2 =100Pa
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gradient strength, could not be predicted by observing cells on
uniform substrata, where the percentage of polarized cells de-
pended on the absolute modulus and was significantly lower
on substrata with moduli< 50 kPa. The high degree of polar-
ization on gradient gels is even more striking if one considers
that moduli on both 1 kPa/100 mm and 2 kPa/100 mm gels did
not exceed 50 kPa, and that only a small fraction (~10–15%)
of 4 kPa/100 mm gradient gels had moduli > 50 kPa. These
observations imply that the mere presence of a gradient in
stiffness is sufficient to trigger polarization. Although others
have established the effects of gradients in soluble (36,37) and
substrate-bound (38) chemical cues on cell polarization, we
are unaware of any previous reports linking gradients in stiff-
ness to polarization. Further, our novel observation that

increasing the magnitude of the stiffness gradient resulted
in increased cell orientation in the gradient direction
compares favorably with previous studies that reported
increased orientation bias in response to an increasingly
strong gradient of soluble (37,39) or substrate-bound (40)
chemoattractant or substrate-bound extracellular matrix
protein (17).

We applied a TI, a quantitative metric established in
studies of chemotaxis, to describe the strength of biased
cell migration due to durotaxis, with larger values indicating
more biased movement in the direction of increased stiffness.
In similarity to observations for chemotaxis, increasing the
magnitude of a gradient in stiffness increased the average
value for TI, with our observed maximum average TI of

A

B

FIGURE 6 Windrose displays of
typical paths of VSMCs over 20-h

periods on uniform gels (A, top row)

and gradient gels (B, bottom row).
Arrows indicate direction of gradient

from softer to stiffer region.

A B

C D

FIGURE 7 Directional motility, evaluated as the TI, for
cells on uniform gels (A and C) and gradient gels (B and D).

(A and B) Average TI as a function of absolute stiffness

for uniform gels (A) and as a function of stiffness gradient

for gradient gels (B). Data labeled with * correspond to
p < 0.05 compared with uniform gels. (C and D) Histo-

grams of TI for uniform gels (C) and gradient gels (D).

Histograms were not statistically distinguishable. Data for
0 kPa/100 mm were based on pooled data for all uniform

gels.
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Traction index depends only on gradient strength, not on absolute stiffness 

~0.25 matching the maximum observed for macrophages
responding to the chemoattractant C5a (22). Individual
VSMCs, however, exhibited a range of directional migration
over a 20-h period of observation: not all VSMCs migrated in
the direction of increasing stiffness, regardless of the strength
of the gradient (values for TI ranging from approximately
!0.75 to þ0.75 were observed), and the fraction of cells
that ‘‘mis-sensed’’ the gradient (i.e., with negative values
for TI) decreased sharply as the gradient strength increased.
Qualitatively similar behavior has been observed for the
chemotaxis of neutrophils and predicted by a stochastic
model based on statistical imperfection in cell sensing arising
from fluctuations in receptor dynamics (36).

Although the biophysics of durotaxis is not identical to
that of chemotaxis, a parallel can be drawn by considering
micron- or submicron-scale variations in substrate stiffness
as mechanical ‘‘noise’’: cells on shallow gradients of stiff-

ness with magnitudes of gradient stiffness on the order of
the level of mechanical fluctuations would appear to exhibit
random behavior, whereas cells on steeper gradients, which
provide a higher signal/noise ratio, would be influenced
primarily by the imposed gradient itself, rather than by
mechanical fluctuations. This hypothesis, which requires
that cells probe substrate mechanics on a micron or submi-
cron scale, and that a sufficient amplitude of fluctuations
exists, is reasonable given the evidence that cells probe their
environment through lamellipodial extensions (6,41) and are
capable of responding to gradients with nanometer-scale
variations in ligand spacing (42). For example, Giannone
et al. (43) observed that polarized mouse embryonic fibro-
blasts migrating on elastic substrates of uniform stiffness
generated periodic lamellipodial protrusions on the order of
1 mm, followed by contractions on the order of 0.2 mm,
and concluded that these periodic oscillations may be linked
to mechanical probing of the substrate rigidity.

Two other potential influences on cellular sensing of
mechanical gradients during durotaxis arise from interactions
between neighboring cells and from feedback between
cellular and substrate mechanics. Although we sought to
minimize effects of cell-cell interactions by plating cells at
relatively low densities and by disregarding cells contacting
other cells, there is ample evidence that cell-generated trac-
tion forces can deform nonrigid substrata. Such mechanical
perturbations may create ‘‘noise’’ or false local effective
gradients in stiffness (34,44) that could interfere with the
ability of the cell to sense the imposed macroscopic stiffness
gradient. Several investigators have reported that durotaxis is
suppressed at high cell densities (10,45), and postulated that
cell traction on the substrate modulates the behavior of neigh-
boring cells. The consequences of feedback between cell and
substrate mechanics are based on observations that substrate
stiffness modulates cell stiffness (46). The cell biology of this
phenomenon is complex, but can now be addressed with the
use of techniques such as optical tweezers (47).

Although this study demonstrates that there are significant
parallels between the phenomenological responses of duro-
taxis and chemotaxis, and hints at broader connections
between these phenomena and how cells respond to gradients
in general, considerable work needs to be done to elucidate
the mechanisms underlying the phenomenon of durotaxis.
For example, although we did not detect an upper limit to
the degree of stiffness (both absolute and gradient) that a
cell is capable of sensing, such limits likely exist (as observed
for chemotaxis). In the cases of chemotaxis and haptotaxis,
both deterministic and stochastic models of how soluble
and substrate-bound factors control cell migration have
provided significant insights into the mechanisms by which
cells respond to chemical cues through accurate predictions
of experimental data. Similar models for durotaxis (48–50),
on the other hand, have been hampered by a lack of experi-
mental data with which these models can be assessed and
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~0.25 matching the maximum observed for macrophages
responding to the chemoattractant C5a (22). Individual
VSMCs, however, exhibited a range of directional migration
over a 20-h period of observation: not all VSMCs migrated in
the direction of increasing stiffness, regardless of the strength
of the gradient (values for TI ranging from approximately
!0.75 to þ0.75 were observed), and the fraction of cells
that ‘‘mis-sensed’’ the gradient (i.e., with negative values
for TI) decreased sharply as the gradient strength increased.
Qualitatively similar behavior has been observed for the
chemotaxis of neutrophils and predicted by a stochastic
model based on statistical imperfection in cell sensing arising
from fluctuations in receptor dynamics (36).

Although the biophysics of durotaxis is not identical to
that of chemotaxis, a parallel can be drawn by considering
micron- or submicron-scale variations in substrate stiffness
as mechanical ‘‘noise’’: cells on shallow gradients of stiff-

ness with magnitudes of gradient stiffness on the order of
the level of mechanical fluctuations would appear to exhibit
random behavior, whereas cells on steeper gradients, which
provide a higher signal/noise ratio, would be influenced
primarily by the imposed gradient itself, rather than by
mechanical fluctuations. This hypothesis, which requires
that cells probe substrate mechanics on a micron or submi-
cron scale, and that a sufficient amplitude of fluctuations
exists, is reasonable given the evidence that cells probe their
environment through lamellipodial extensions (6,41) and are
capable of responding to gradients with nanometer-scale
variations in ligand spacing (42). For example, Giannone
et al. (43) observed that polarized mouse embryonic fibro-
blasts migrating on elastic substrates of uniform stiffness
generated periodic lamellipodial protrusions on the order of
1 mm, followed by contractions on the order of 0.2 mm,
and concluded that these periodic oscillations may be linked
to mechanical probing of the substrate rigidity.

Two other potential influences on cellular sensing of
mechanical gradients during durotaxis arise from interactions
between neighboring cells and from feedback between
cellular and substrate mechanics. Although we sought to
minimize effects of cell-cell interactions by plating cells at
relatively low densities and by disregarding cells contacting
other cells, there is ample evidence that cell-generated trac-
tion forces can deform nonrigid substrata. Such mechanical
perturbations may create ‘‘noise’’ or false local effective
gradients in stiffness (34,44) that could interfere with the
ability of the cell to sense the imposed macroscopic stiffness
gradient. Several investigators have reported that durotaxis is
suppressed at high cell densities (10,45), and postulated that
cell traction on the substrate modulates the behavior of neigh-
boring cells. The consequences of feedback between cell and
substrate mechanics are based on observations that substrate
stiffness modulates cell stiffness (46). The cell biology of this
phenomenon is complex, but can now be addressed with the
use of techniques such as optical tweezers (47).

Although this study demonstrates that there are significant
parallels between the phenomenological responses of duro-
taxis and chemotaxis, and hints at broader connections
between these phenomena and how cells respond to gradients
in general, considerable work needs to be done to elucidate
the mechanisms underlying the phenomenon of durotaxis.
For example, although we did not detect an upper limit to
the degree of stiffness (both absolute and gradient) that a
cell is capable of sensing, such limits likely exist (as observed
for chemotaxis). In the cases of chemotaxis and haptotaxis,
both deterministic and stochastic models of how soluble
and substrate-bound factors control cell migration have
provided significant insights into the mechanisms by which
cells respond to chemical cues through accurate predictions
of experimental data. Similar models for durotaxis (48–50),
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refined. The data presented here will provide crucial

A

B

C

FIGURE 8 Scatter plots of TI on gradient gels as a function of tensile

modulus for different gradient strengths: (A) 1 kPa/100 mm, (B) 2 kPa/100 mm,

and (C) 4 kPa/100 mm. The tensile modulus for each cell corresponds to the
modulus for the cell’s starting position upon tracking. Vertical dotted lines

delimit the range of moduli for individual gradients.

Biophysical Journal 97(5) 1313–1322

1320 Isenberg et al.

~0.25 matching the maximum observed for macrophages
responding to the chemoattractant C5a (22). Individual
VSMCs, however, exhibited a range of directional migration
over a 20-h period of observation: not all VSMCs migrated in
the direction of increasing stiffness, regardless of the strength
of the gradient (values for TI ranging from approximately
!0.75 to þ0.75 were observed), and the fraction of cells
that ‘‘mis-sensed’’ the gradient (i.e., with negative values
for TI) decreased sharply as the gradient strength increased.
Qualitatively similar behavior has been observed for the
chemotaxis of neutrophils and predicted by a stochastic
model based on statistical imperfection in cell sensing arising
from fluctuations in receptor dynamics (36).

Although the biophysics of durotaxis is not identical to
that of chemotaxis, a parallel can be drawn by considering
micron- or submicron-scale variations in substrate stiffness
as mechanical ‘‘noise’’: cells on shallow gradients of stiff-

ness with magnitudes of gradient stiffness on the order of
the level of mechanical fluctuations would appear to exhibit
random behavior, whereas cells on steeper gradients, which
provide a higher signal/noise ratio, would be influenced
primarily by the imposed gradient itself, rather than by
mechanical fluctuations. This hypothesis, which requires
that cells probe substrate mechanics on a micron or submi-
cron scale, and that a sufficient amplitude of fluctuations
exists, is reasonable given the evidence that cells probe their
environment through lamellipodial extensions (6,41) and are
capable of responding to gradients with nanometer-scale
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et al. (43) observed that polarized mouse embryonic fibro-
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between neighboring cells and from feedback between
cellular and substrate mechanics. Although we sought to
minimize effects of cell-cell interactions by plating cells at
relatively low densities and by disregarding cells contacting
other cells, there is ample evidence that cell-generated trac-
tion forces can deform nonrigid substrata. Such mechanical
perturbations may create ‘‘noise’’ or false local effective
gradients in stiffness (34,44) that could interfere with the
ability of the cell to sense the imposed macroscopic stiffness
gradient. Several investigators have reported that durotaxis is
suppressed at high cell densities (10,45), and postulated that
cell traction on the substrate modulates the behavior of neigh-
boring cells. The consequences of feedback between cell and
substrate mechanics are based on observations that substrate
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~0.25 matching the maximum observed for macrophages
responding to the chemoattractant C5a (22). Individual
VSMCs, however, exhibited a range of directional migration
over a 20-h period of observation: not all VSMCs migrated in
the direction of increasing stiffness, regardless of the strength
of the gradient (values for TI ranging from approximately
!0.75 to þ0.75 were observed), and the fraction of cells
that ‘‘mis-sensed’’ the gradient (i.e., with negative values
for TI) decreased sharply as the gradient strength increased.
Qualitatively similar behavior has been observed for the
chemotaxis of neutrophils and predicted by a stochastic
model based on statistical imperfection in cell sensing arising
from fluctuations in receptor dynamics (36).

Although the biophysics of durotaxis is not identical to
that of chemotaxis, a parallel can be drawn by considering
micron- or submicron-scale variations in substrate stiffness
as mechanical ‘‘noise’’: cells on shallow gradients of stiff-

ness with magnitudes of gradient stiffness on the order of
the level of mechanical fluctuations would appear to exhibit
random behavior, whereas cells on steeper gradients, which
provide a higher signal/noise ratio, would be influenced
primarily by the imposed gradient itself, rather than by
mechanical fluctuations. This hypothesis, which requires
that cells probe substrate mechanics on a micron or submi-
cron scale, and that a sufficient amplitude of fluctuations
exists, is reasonable given the evidence that cells probe their
environment through lamellipodial extensions (6,41) and are
capable of responding to gradients with nanometer-scale
variations in ligand spacing (42). For example, Giannone
et al. (43) observed that polarized mouse embryonic fibro-
blasts migrating on elastic substrates of uniform stiffness
generated periodic lamellipodial protrusions on the order of
1 mm, followed by contractions on the order of 0.2 mm,
and concluded that these periodic oscillations may be linked
to mechanical probing of the substrate rigidity.

Two other potential influences on cellular sensing of
mechanical gradients during durotaxis arise from interactions
between neighboring cells and from feedback between
cellular and substrate mechanics. Although we sought to
minimize effects of cell-cell interactions by plating cells at
relatively low densities and by disregarding cells contacting
other cells, there is ample evidence that cell-generated trac-
tion forces can deform nonrigid substrata. Such mechanical
perturbations may create ‘‘noise’’ or false local effective
gradients in stiffness (34,44) that could interfere with the
ability of the cell to sense the imposed macroscopic stiffness
gradient. Several investigators have reported that durotaxis is
suppressed at high cell densities (10,45), and postulated that
cell traction on the substrate modulates the behavior of neigh-
boring cells. The consequences of feedback between cell and
substrate mechanics are based on observations that substrate
stiffness modulates cell stiffness (46). The cell biology of this
phenomenon is complex, but can now be addressed with the
use of techniques such as optical tweezers (47).

Although this study demonstrates that there are significant
parallels between the phenomenological responses of duro-
taxis and chemotaxis, and hints at broader connections
between these phenomena and how cells respond to gradients
in general, considerable work needs to be done to elucidate
the mechanisms underlying the phenomenon of durotaxis.
For example, although we did not detect an upper limit to
the degree of stiffness (both absolute and gradient) that a
cell is capable of sensing, such limits likely exist (as observed
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both deterministic and stochastic models of how soluble
and substrate-bound factors control cell migration have
provided significant insights into the mechanisms by which
cells respond to chemical cues through accurate predictions
of experimental data. Similar models for durotaxis (48–50),
on the other hand, have been hampered by a lack of experi-
mental data with which these models can be assessed and
refined. The data presented here will provide crucial

A

B

C

FIGURE 8 Scatter plots of TI on gradient gels as a function of tensile

modulus for different gradient strengths: (A) 1 kPa/100 mm, (B) 2 kPa/100 mm,

and (C) 4 kPa/100 mm. The tensile modulus for each cell corresponds to the
modulus for the cell’s starting position upon tracking. Vertical dotted lines

delimit the range of moduli for individual gradients.

Biophysical Journal 97(5) 1313–1322

1320 Isenberg et al.

Vascular smooth muscle cells 

B. Isenberg et al, and JY Wong Biophysical Journal 97:1313–1322 (2009) 



53
Thomas LECUIT   2022-2023

Conclusions Course #2

1. Substrate interactions in 2D and 3D are inherently mechanical
2. Cells also decode the mechanical properties of their environment
3. Barotaxis: Hydraulic resistance of fluid can bias cell movement
4. Durotaxis: Substate stiffness gradient can also bias cell movement
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with chemotaxis, suggesting that distinct mechanisms control direction decisions in cells
depending on the nature of the guidance cue.

In summary, the pivotal role of actin andmyosin II contractility in deciphering guidance cues and
directing cell migration could help immune cells to prioritize the different cues and choose the
best path so that they can efficiently navigate from one tissue to another (Figure 3).

Concluding Remarks and Future Perspectives
Here we have presented multiple lines of evidence highlighting the essential role of the
actomyosin cytoskeleton in the cell-intrinsic migratory properties of immune cells as well as
in their ability to respond to the chemical and physical cues present in the environment. It
appears that different actin pools, which are generated by distinct actin nucleators and
detected at distinct subcellular locations, exist in immune cells. Remarkably, these various
actin pools are responsible for distinct cellular activities associated with cell migration. In DCs, T
cells, and neutrophils, the cortical actin pool localized toward the cell rear is nucleated by the
formin mDia1 and is responsible for forward movement in confinement. By contrast, the actin
pool localized at their front is nucleated by Arp2/3 and does not impact migration but rather
promotes cellular activities related to the individual functions of these cells: macropinocytosis in
immature DCs, phagocytosis in neutrophils, and immune synapse formation in T cells. Inter-
estingly, this pool of actin imposes on leukocytes an intermittent migration mode that might be
optimal for environment sampling. A third actin pool assembles around the nucleus of immature
DCs and T cells as a result of confinement. This actin cage is also nucleated by Arp2/3 and

Outstanding Questions
What are the respective contributions
of cell-intrinsic properties and environ-
ment constraints to migration patterns
exhibited by immune cells in vivo?

How do cells integrate distinct environ-
mental cues? Which cues (chemical or
physical) are dominant over others?

How is the environment modified in
pathological situations? Do actin cyto-
skeleton properties still contribute to
optimized immune cell function in
these situations?

Integrated migratory response to complex environmental guidance cues

{
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Figure 3. Actomyosin Cytoskeleton in Leukocyte Guidance. Immune cells are guided by a combination of chemical
and physical extracellular cues. Actin is highly implicated in the detection of and response to these guidance cues. Having
actin as a central player can enable cells to integrate the different cues and choose their global direction of migration in
complex environments.
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Figure 7. Context-Guided Visualization using Morphological Archetypes. (A) A maximum z-projected example stack with colors highlighting different

conceptual archetypes in the pLLP that have been manually annotated. (B) A low-dimensional archetype space resulting from a PCA of the SVC

prediction probabilities (with the SVC having been trained on CFOR shape features). Cells are placed according to how similar they are to each

archetype, with those at the corners of the tetrahedron belonging strictly to the corresponding archetype and those in between exhibiting an

Figure 7 continued on next page
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