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Summary - Crawling on a 2D substrate

Thomas LECUIT   2021-2022

In Eukaryotes: cell crawling is associated with cell deformation

Dylan Burnette @MAG2ART

• 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

F

membrane tension

actin retrograde flow
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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 (see course #6)

Summary - Crawling on a 2D substrate
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Crawling of rigid cells on a substrate: gliding

Myxococcus xanthus (ProteoB),

Moves at 2-4 µm/min
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https://www.youtube.com/watch?v=iHg15E414lk

L. Faure et al, and T. Mignot Nature 2016, 539:530-535
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Apicomplexa (Sporozoa): e.g. parasitic agent of malaria, toxoplasmosis 

Figs. 1, 2. 1, Extracellular toxoplasma tachyzoites. The cells are crescent-shaped, with a slightly more pointed anterior or conoid end. The 
lower left toxoplasma shows distinct counter-clockwise body ridges and an extended conoid (c). x 13,000. 2. A toxoplasma invading a heat-treated 
macrophage. Counter-clockwise body ridges are evident as the more pointed end enters the cell. x 18,000. 

Fig. 3. A heat-treated macrophage with several invading and laterally attached toxoplasmas. One invading parasite (arrow) shows counter- 
clockwise body ridges. The two adjacent invading parasites do not. No filopodia or lamellipodia are present around the invading parasites. 
Laterally attached toxoplasmas illustrate the tilt of the conoid region and the variation in toxoplasma body shape seen in normal samples. Note 
that in Figs. 3-5 the characteristic macrophage surface ruffles have been altered by hyperthermic pretreatment. x 15,000. 

Chiappino et al J. Protozool 31:288-292 (1984)
P. Keeling et al. Plos Biol. (2014)

https://doi-org.insb.bib.cnrs.fr/10.1371/journal.pbio.1001889

Crawling of rigid cells on a substrate: gliding
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Hopp et al. eLife 2015;4:e07789. DOI: 10.7554/eLife.07789 

Plasmodium berghei (rodent malaria)

A rich repertoire of gliding behaviors on a substrate or in situ

5 μm

Toxoplasma gondii

circular glidinghelical gliding

twirling back and forth gliding

Crawling of rigid cells on a substrate: gliding

P. berghei sporozoites 10 min after intradermal inoculation 
with CD31-labeled vascular endothelial cells.

25µm

K. Frénal et al. and D. Soldati-Favre. Nature Rev. Micro. 15:645-660 (2017) 
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Crawling of rigid cells on a substrate: gliding

Structural organisation

K. Frénal et al. and D. Soldati-Favre. Nature Rev. Micro. 15:645-660 (2017) 

Microneme
Rhoptry

Subpellicular
microtubules

IMC

PM

Outer membrane

Inner membrane

Subpellicular microtubule

Alveolin network

MerozoiteTachyzoite

Conoid

IMC

Pellicle

2 µm

Plasmodium spp. 

SporozoiteOokinete

a

b

Toxoplasma gondii

Apical polar rings 

• Motile (~3 µm s–1)
• Invasive (nucleated cells)
• ~12 rhoptries
• Abundant micronemes

• Invasive (erythrocytes)
• 2 rhoptries
• Few micronemes

• Motile (~5 µm min–1)
• Non-invasive
• No rhoptry
• Abundant micronemes  

• Motile (~2 µm s–1)
• Invasive 

(hepatocytes)
• 2–4 rhoptries
• Abundant 

micronemes

Pre-conoidal ring

PM

Toxoplasma gondii
Plasmodium berghei

in vitro
T. gondii P. berghei

Plasmodium falciparum

Plasmodium

midgut but do not invade.

Adapted with permission from REF. 165, Elsevier.

Cells have a rigid, curved 
architecture

Microtubules dictate twisted cell 
shape
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Crawling of rigid cells on a substrate: gliding

Anatomy of the motor system

K. Frénal et al. and D. Soldati-Favre. Nature Rev. Micro. 15:645-660 (2017) 
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midgut but do not invade.
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Crawling of rigid cells on a substrate: gliding

T. Butt et al. J. Biol.Chemistry. 285:4964–4974  (2010)     

• in vitro actin motility assay on substrate 
conjugated with Myosin motors

• Alignement and flow of short actin filaments

Forward movement of the parasite

Backward movement of the adhesins

in vitro

in|the sRace between the inner membrane comRleZ 
IM%� and the R2M� h2M� host cell 

Polar actin flow against adhesin drive motility

K. Frénal et al. and D. Soldati-Favre. Nature Rev. Micro. 15:645-660 (2017) 

instantaneous 
image

temporal 
projection 
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Crawling of rigid cells on a substrate: gliding

Initiation of motility at apical pole and propagation by glideosome complex 

pPM

Apical polar rings

e

2rofilin

%ofilin

IMC

MYOH

MYOA

Actin

Microneme

GAC

FRM1

Extracellular matrix
and host receptors

Adhesins

• Microneme exocytosis
• Actin polymerization (FRM1)
• F-actin stabilization (GAC)
• F-actin translocation (MYOH)

• F-actin translocation 
   along the parasite (MYOA) 

hPM

pPM

IMC

c

d

Alveolin network

Microtubule

2rofilin

%ofilin

Direction of movement 

GAP40

GAP50
MLC1 (also 
known as MTIP)

MYOA

GAP45GAC

Adhesin

Host cell receptorGAPM ROM4

2rofilin

%ofilin

K. Frénal et al. and D. Soldati-Favre. Nature Rev. Micro. 15:645-660 (2017) 
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Actin flow and motility
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Review Cytoskeletal Dynamrcs and Nerve Growth 

7hi 
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Figure 3. Actin Dynamics in the Growth Cone 

ArtIn subunits (1) diffuse to the tip of the filopodial process (2) 

where they add to the barbed end of an actin filament, whose 

polarity is denoted by the chevrons. The actin filament is being 

translocated (3) toward the center of the cell where It depolymer- 

ires Into monomers from the pointed end (4) or where it is frag- 

mented Into pieces, which in turn depolymerize from their barbed 

en& (5). 

center of the cell (Wang, 1985). This flux suggests that 

the continual addition of subunits at the membrane is 

coupled to either translocation of the filaments toward 

the center of the cell or depolymerization at the pointed 

ends of the actin filaments. Indirect evidence suggests 

that this flux also occurs in neurons. Video microscopy 

of Aplysia growth cones demonstrated with particular 

clarity the continuous movement of cytoplasmic dens- 

ity- presumably actin filaments-away from the leading 

edge (Forscher and Smith, 1988). These data are summa- 

rized in Figure 3, which shows the addition of subunits 

at the membrane and the translocation of the actin fila- 

ments toward the interior of the cell. The observable 

retrograde flow of actin filaments must be balanced by 

an invisible forward movement of subunits, which then 

polymerize at the membrane-associated barbed ends. 

Since only organized polymer, and not individual sub- 

units, gives rise to structures visible by light microscopy, 

there is a paradoxical impression of retrograde flow in a 

cell process that can be moving forward. 

Is this flux consistent with what we know about actin 

polymerization in vitro? The rate of retrograde flow is 

about 3 pmlmin (Forscher and Smith, 1988), corre- 

sponding to a polymerization rate of 18 subunits per s 

(Pollard, 1986). Pure actin filaments in vitro elongate at 

this rate at a monomer concentration of 1.7 PM. Mono- 

meric actin is at a considerably higher concentration 

than this in vivo, but most of the monomer is bound to 

profilin (Pollard and Cooper, 1986). It is presently diffi- 

cult to estimate what the expected elongation rate of a 

free barbed end would be in vivo, but the retrograde 

flow rate is certainly not too fast to be balanced by actin 

polymerization. 

Events at the other end of the polymer present a prob- 

lem, however. The off rate for ADP actin from the 

pointed end in vitro is only 0.27 s-l (Pollard, 1986), 

much slower than the flux rate. The kinetic inertness of 

the pointed end represents an enigma for a system of po- 

lymerization-depolymerization in which there is a con- 

tinuous high flux. Perhaps depolymerization is acceler- 

ated by some unknown factor in vivo. Alternatively, 

a A$-zp<Tp-+ qp-_--, *‘$ 

-----I Gp- <<<<<<<<<<<<<<<<<<<<<<<<<< < 
Pi > 

b 

Figure 4. Two Ways of Powering Retrograde Actin Filament Flow 

In (a) retrograde actin flow IS powered by the InsertIon of subunits 

between the membrane and the barbed end of the actin filament 

and the simultaneous loss of subunits iron) the pointed end nearer 

to the center of the cell. This process can occur because it is cou- 

pled to ATP hydrolysis. The subunits adding to the tip have bound 

ATP, which is hydrolyzed soon after polymerization. Hence the 

bulk of the polymer contains ADP actin. ADP actIn disassemble, 

from the pointed end. ATP is exchanged tar ADP in the monomer 

before assembly. 

In (b1 retrograde actin flow IS powered by myosrn. This is most likely 

myosin type I, which is shown as ellipses anchored to an as yet 

undefined stable and nonmoving submembranous matrix. Force 

exerted by the myosin accompanying AlP hydrolysi\ drives the ac- 

tin filaments to the left ofthe figure as dlctdted by tht, acttn polarity 

and the propertres of myosin. 

actin may not depolymerize directly from its pointed 

ends. We could imagine filament-severing proteins 

(Stossel et al., 1985; Pollard and Cooper, 1986) cutting 

the filaments into small pieces at an internal site, thus 

generating a large number of ADP barbed ends, which 

could each depolymerize at 7.2 S-I (Pollard, 1986) (Fig- 

ure 3). Presently we do not know the exact mechanism 

of actin depolymerization. We do know that the 

depolymerizing form from the barbed end is ADP actin, 

while the polymerizing form is ATP actin. Hence assem- 

bly is coupled to ATP hydrolysis, and this coupling allows 

the polymer to escape the rigid thermodynamic con- 

straints that apply to equilibrium polymers (Kirschner 

and Mitchison, 1986). Were the actin system at equilib- 

rium, it would not be possible to form filaments continu- 

ously at one location in the ccl’. while depolymerizing 

them elsewhere. 

How Is the Retrograde Flow of Actin Driven? 

Theoretically, force can be generated purely from poly- 

mer dynamics when ATP hydrolysis is coupled to poly- 

merization (Figure 4a) (Hill and Klrschner, 1982). The 

retrograde flux of subunits at the leading edge of the cell 

could therefore, in principle, be driven by the insertion 

of subunits between the barbed end and the plasma 

membrane. The action of cytochalasin on Aplysia growth 

cones renders this explanation for force generation un- 

likely (Forscher and Smith, 1988). Cytochalasin (which 

binds to the barbed end of actin filaments and prevents 

addition to this end while allowing loss at the pointed 

end) caused the detachment 01 actin from the leading 

edge but did not block retrograde flux. This result argues 

against simple models in which {low is driven complete- 

Two ways to power actin flow

• actin treadmilling and polarized nucleation

• motor drivin filament gliding

T. Mitchison and M. Kirschner Neuron 1:761-772 (1988)

J. Thériot lab

Frénal et al. 2017

15µm

Toxoplasma gondii

Keratocyte
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Crawling in confinement - Plan
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• Manifestations of cell motility under confinement
—Adhesion independent motility

• Mechanisms of propulsion: 
—actin retrograde flow and friction
—environment topography
—confinement sensing

• Mechanisms of protrusion - 
     —Blebbs

• Evolutionary origin of ameboid motility
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How do cells move in the complex 3D in vivo environment?
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Lattice light sheet microscopy of a neutrophilic HL-60 cell expressing 
mCherry-utrophin (marks F-actin) in a 3D collagen matrix labeled with FITC

  

Bi-Chang Chen et al. and E. Betzig. Science 346, (2014)

DOI: 10.1126/science.1257998 

collagen labeled with FITC
HL-60 cells
mCherry-Utrophin (F-actin)
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Title

FI GURE 5

 

Asequence f r oma t i me- l apse f i l m of a l ymphocyt e movi ng t hr ough a col l agen gel enl ar ged t o showt he " anchor i ng"

pseudopodi a. Thet i me i nt er val ( i n seconds) i s shown i n each f r ame. The l ymphocyt e moved f r om r i ght t o l ef t past a f i xed obj ect .

The l ar ge ext ensi on i ndi cat ed by ar r owheads r emai ns f i xed whi l e t he l ymphocyt e moves l at er al l y past i t i n t hedi r ect i on of t he f i ne

ar r ow. These phot ogr aphs wer e pr i nt ed di r ect l y f r oma posi t i ve i mage t i me- l apse f i l mand ar e t her ef or e negat i ve i mages .

f i br ous gel mat r i x . On occasi on, t he cel l moved t hr ough t he

const r i ct i on r i ng but t he r i ng i t sel f r emai ned qui t e cl ear l y

r el at ed t o a gap i n t he gel st r uct ur e . Thi s i s shown i n Fi g. 4, a

ser i es of cel l out l i nes t r aced f r oma ci ne f i l m. The i mpor t ant

f eat ur es ar e descr i bed i n t he l egend t o Fi g. 4. Fur t her evi dence

i s pr ovi ded by t he sequent i al phot ogr aphs i n Fi g. 5. These ar e

12 f r ames pr i nt ed di r ect l y f r oma t i me- l apse f i l mshowi ng t he

mor phol ogi cal changes as t he l ymphocyt e moved away f r oma

f i xed poi nt .

DI SCUSSI ON

We wi sh t o suggest on t he basi s of t he r esul t s pr esent ed above

t hat l ymphocyt e l ocomot i on i s l ar gel y i ndependent of adhesi on

t o a subst r at um. Lymphocyt e adhesi on t o a 2- Dpr ot ei n- coat ed

sur f ace i s so poor t hat t he cel l s have no means of gener at i ng

l ocomot or f or ce. For a cel l suppor t ed by a 3- Dpr ot ei n mat r i x,

l ocomot i on may be possi bl e even t hough t he cel l l acks t he

capaci t y t o make st r ong adhesi ons wi t h t hat mat r i x . Thi s was

shown usi ng col l agen, whi ch as a 2- Dsur f ace suppor t ed nei t her

adhesi on nor l ocomot i on of l ymphocyt es . The pr oposal t hat

l ymphocyt e l ocomot i on does not r equi r e an adhesi ve i nt er ac-

t i on i s based par t l y on t hei r behavi or on pl ane subst r at a . On

such subst r at a, ar eas of cl ose cont act , or adhesi on, must be

br oken and r ef or med dur i ng l ocomot i on. Lymphocyt es make

no ef f ect i ve cont act s on gl ass coat ed wi t h ser um, f i br onect i n,

and denat ur ed pr ot ei ns but t hey can at t ach t o t he sur f ace of a

3- D mat r i x such as a col l agen gel or t he sur f ace of a ser um-

coat ed cel l ul ose est er f i l t er , pr ovi ded t he f i l t er por e si ze i s l ar ge

enough t o admi t pseudopods such as t hose shown i n Fi gs . 4

and 5 . That t hese sur f aces ar e basi cal l y nonadhesi ve f or l ym-

phocyt es has been demonst r at ed by dr yi ng down t he col l agen

gel t o r emove t he 3- D mat r i x wi t hout i nduci ng a chemi cal

change, by usi ng coat s of col l agen heat ed t o pr event gel f or -

mat i on, or by r educi ng t he por e si ze of f i l t er s so t hat t he por es

ar e t oo smal l ( 0. 22 and 0. 45 [ Lm) f or i nser t i on of si zabl e

pseudopodi a, i n whi ch case t he l ymphocyt e behaves as i f i t

wer e on a 2- Dr at her t han 3- Dsur f ace . As a r esul t , t he sur f ace

wi l l not suppor t l ymphocyt e at t achment .

Our mor phol ogi cal obser vat i ons on l ymphocyt e l ocomot i on

ar e ver y si mi l ar t o t hose made sever al decades ago by wor ker s

who descr i bed l ymphocyt e l ocomot i on i n cel l cul t ur es, i n

pl asma cl ot s, and on pl ane gl ass ( 8, 13, 16, 17, 18) . Lewi s ( 15)

obser ved t hat l ymphocyt es movi ng i n l i qui d medi umon a

pl ane sur f ace had a ver y t enuous hol d on t he subst r at um, and

Har r i s ( 13) r epor t ed t hat even t he f ew l ymphocyt es movi ng on

a pl ane subst r at um coul d be r emoved by i nver t i ng t he sl i de

chamber . Lymphocyt es can, however , be i nduced t o adher e

and t o move, al t hough poor l y, i f t he subst r at umi s coat ed wi t h

a l i gand . For exampl e, Fc- posi t i ve l ymphocyt es adher e and

t r ansl ocat e on sur f ace- bound ant i gen- ant i body compl exes ( 2) ,

and phyt ohemaggl ut i ni n can be used t o i nduce adhesi on i n t he

same way ( 26) . Adi st i nct i ve mor phol ogi cal f eat ur e of movi ng

l ymphocyt es obser ved by wor ker s ci t ed above was t he const r i c-

t i on r i ng, whi ch r emai ned f i xed wi t h r espect t o t he envi r onment

as t he cel l moved t hr ough i t . Lewi s ( 15) suggest ed t hat t he

pr esence and posi t i on of t he const r i ct i on was i ndependent of

t he envi r onment because i t was al so pr esent i n l ymphocyt es i n

f l ui d medi um. However , de Br uyn ( 8) r epor t ed t hat t wo l ym-

phocyt es f ol l owi ng an i dent i cal pat h pr oduced const r i ct i on

r i ngs at i dent i cal poi nt s, e. g . , a nar r ow gap i n a net wor k of

f i br i n . He concl uded t hat i n t hi s case t he const r i ct i ons wer e

" i ndent at i ons caused by ext er nal f act or s . " Thi s t ype of l oco-

mot i on and t he obser vat i ons descr i bed i n t hi s paper have l i t t l e

i n common wi t h t he cl assi cal descr i pt i on of f i br obl ast t r ansl o-

cat i on over a pl ane subst r at umsuch as ser um- coat ed gl ass ( 1) .

Compar abl e st udi es of f i br obl ast s movi ng i n si t u ( 4, 22) and i n

hydr at ed col l agen l at t i ces ( 4, 6, 7, 10) have demonst r at ed t hat

adhesi on of t he l eadi ng par t of t he cel l i s pr obabl y i mpor t ant

i n gai ni ng t r act i on and t hat f or war d movement i s accompl i shed

by a f l ow of cyt opl asmi nt o t he ant er i or mar gi n of t he cel l or

by a shor t eni ng of t he ext ended pr ocess t hus pul l i ng t he cel l

body f or war d. I n f act , Gr i nnel l and Bennet t ( 11) have shown

HASTON ET AE.

 

Lymphocyt e Locomot i on and At t achment

 

751

A sequence from a time-lapse film of a lymphocyte moving 
through a collagen gel enlarged to show the "anchoring" 
pseudopodia. 

gr aph of t he t i me- cour se of l ymphocyt e movement i nt o gel s at
t hr ee di f f er ent col l agen concent r at i ons. Gel s of 1 . 0 mg/ ml wer e
mor e qui ckl y i nf i l t r at ed t han t hose made at 1. 5 mg/ ml , and
appr eci abl e mi gr at i on i nt o t he mor e dense gel ( 3. 0 mg/ ml )
t ook much l onger , wi t h a l ag per i od of >4 h. Once i nsi de t he
gel , t he r at e of i nvasi on was si mi l ar i n t he dense gel t o t hat at
t he l ower concent r at i ons, suggest i ng t hat t he gel sur f ace at
hi gher concent r at i ons i s l ess easi l y penet r at ed. Ti me- l apse ci n-
emat ogr aphy of i ndi vi dual cel l s wi t hi n gel s of di f f er ent con-
cent r at i ons i ndi cat ed t hat i nvasi on was an act i ve pr ocess, wi t h
t he l ymphocyt es pushi ng t hei r way t hr ough t he f i ber net wor k .
Lymphocyt es wer e never obser ved t o t r ansl ocat e on t he upper
sur f ace of t he gel al t hough t hey f r equent l y had l ocomot or
mor phol ogy .

Ther e ar e var i ous possi bl e expl anat i ons f or t he gr eat er at -
t achment of l ymphocyt es t o 3- D col l agen gel s t han t o 2- D
col l agen sur f aces.

( a) Lymphocyt es may adher e bet t er t o 3- D t han t o 2- D
col l agen. However , mol ecul ar adhesi on f or ces shoul d be si mi l ar
f or bot h si nce t he t wo pr ot ei ns ar e chemi cal l y i dent i cal , t hough
a r ever si bl e denat ur at i on on dr yi ng, f ol l owed by r enat ur at i on
on r ehydr at i on, cannot be excl uded.

( b) Lymphocyt es may be passi vel y t r apped by 3- Dcol l agen .
Thi s seems unl i kel y t o pr ovi de an adequat e expl anat i on si nce
at t achment i s r educed at 4°C.

( c) Lymphocyt es may act i vel y at t ach t o t he 3- Dcol l agen by
pr ot r udi ng pseudopods i nt o gaps i n t he col l agen l at t i ce, whi ch
ar e no l onger pr esent once t he col l agen i s dr i ed. Thus, t he
i ncr eased at t achment may be r el at ed ' not t o di f f er ences i n
adhesi on but t o t he capaci t y of l ymphocyt es t o mi gr at e i nt o
col l agen gel s. We expl or ed possi bi l i t i es a and c i n t wo ways .
Fi r st l y, we used a di f f er ent t ype of 3- D mat r i x, namel y a
ser um- coat ed mi cr opor e f i l t er . I f expl anat i on c i s cor r ect , l ym-
phocyt es shoul d at t ach bet t er t o f i l t er s wi t h por es wi de enough
f or pseudopod i nser t i on t han t o f i l t er s wi t h por es t oo nar r ow
f or pseudopod i nser t i on. Fur t her mor e, t he possi bi l i t y of dena-
t ur at i on can be excl uded i n such an exper i ment . I f expl anat i on
a wer e cor r ect , l ymphocyt es shoul d adher e equal l y wel l t o al l
f i l t er s made of t he same mat er i al what ever t he por e si ze.
Secondl y, we exami ned t he mor phol ogi cal changes occur r i ng
as l ymphocyt es moved i n 3- Dcol l agen gel s . These exper i ment s
ar e descr i bed i n t ur n bel ow.

MI CROPORE FI LTERS: We used cel l ul ose est er f i l t er s of
di f f er ent por e si zes ( f r om0. 22 t o 8. 0 pm) as an al t er nat i ve 3- D
f i br ous mat r i x . Tabl e I I shows t he r esul t s of exper i ment s
desi gned t o i nvest i gat e l ymphocyt e at t achment t o f i l t er sur f aces
i n t he pr esence and absence of ser um. Lymphocyt es di d at t ach
t o t he sur f aces of al l f i l t er s i n t he absence of ser um( a non-
physi ol ogi cal f or mof adhesi on compar abl e t o t hat on cl ean
gl ass) , but , when f i l t er s wer e pr et r eat ed wi t h medi umcont ai n-
i ng 10%FCS, at t achment t o t he 0. 22- and 0. 45- pm( por e si ze)
f i l t er s ( whi ch ar e t oo smal l t o per mi t penet r at i on by l ympho-
cyt es) was al most abol i shed. However , subst ant i al number s
at t ached t o 3- and 8- pmf i l t er s. We i nt er pr et t hi s as meani ng
t hat , f or l ymphocyt es, t he 0. 22- and 0. 45- l amf i l t er s ar e essen-
t i al l y 2- D, i n t hat t he sur f ace t opogr aphy pr event s i nser t i on of
pseudopodi a. They can, however , use t he 3- and 8- pmf i l t er s as
3- D mat r i ces. Lymphocyt es di d not ent er t he 0. 22- and 0. 45-
pmf i l t er s, but a smal l number ( 3%of t he t ot al adher ent cel l s)
ent er ed t he 3. 0- , umf i l t er s, and over hal f of t he cel l s at t achi ng
t o t he 8. 0- pmf i l t er s penet r at ed t he f i l t er . These r esul t s, t oget her
wi t h t he col l agen dat a, i ndi cat e t hat a sur f ace t hat i s nonadhe-
si ve i n t wo di mensi ons wi l l al l ow l ymphocyt es t o at t ach and
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Wi t h ser um

Wi t hout ser um

TABLE I I

Adhesi on of Lymphocyt es t o Cel l ul ose Est er Fi l t er s

Tr eat ment of

f i l t er

Thi s shows t he number of l ymphocyt es at t ached t o, or wi t hi n, t he mat r i x of
mi cr opor e f i l t er s ei t her pr et r eat ed wi t h medi umcont ai ni ng 10%FCS or wi t h
medi umal one. The f i gur es ar e means of number s i n f our mi cr oscopi c f i el ds
f r om t wo r epl i cat e f i l t er s, count ed at x 400 magni f i cat i on. The di st ance
mi gr at ed was measur ed by t he l eadi ng- f r ont met hod ( 24) .
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24

A

 

B

 

FI GURE 4 Col umns A

and B ar e t wo se-

quences t r aced f r om a

t i me- l apse f i l m of a

l ymphocyt e movi ng

t hr ough a col l agen gel .

The t r aci ngs ar e spa-

t i al l y ar r anged, al l ow-

i ng l i nes t o be dr awn

t hr ough a f i xed poi nt i n

each f r ame ( br oken

l i ne) . The t i me i nt er val

i n seconds i s shown i n

each f r ame. The l ym-

phocyt e i n col umn A

f or med a pseudopo-

di umt owar d t he f i xed

obj ect ( st i ppl ed) , af t er

whi ch t he cel l body

moved past t he ext en-

si on, whi ch r emai ned

f i xed . Af t er 110 s, t he

l ymphocyt e moved

t hr ough t he f i xed con-

st r i ct i on ( mar ked wi t h t he l ar ge bl ack ar r owhead) . Col umn Bshows

a l ymphocyt e ext endi ng a pseudopodi um af t er 24 s and subse-

quent l y movi ng i n t he opposi t e di r ect i on. The pseudopodi um i s

i ndi cat ed by t he br oken l i ne . Pseudopodi a became phase dar k

( shaded ar eas) as t hey expanded behi nd t he const r i ct i on .
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t hen mi gr at e i f t he shape al l ows t hemt o obt ai n t r act i on by
i nser t i ng and expandi ng pseudopodi a.

Lymphocyt e Locomot i on i n Col l agen Gel s
Fr ame- by- f r ame anal ysi s of t i me- l apse f i l ms of l ymphocyt es

movi ng i n gel s i ndi cat ed t hat t hey wer e usi ng a novel met hod
of l ocomot i on. Pseudopodi a wer e ext ended and t hen r api dl y
expanded, wi t h a mar ked const r i ct i on bet ween t he or i gi nal
pseudopod and t he cel l body. Thi s const r i ct i on was appar ent l y
used as an anchor f or exer t i ng ei t her a pul l i ng or pushi ng f or ce
t hat coul d wor k onl y i f t he anchor was hel d f i r ml y by t he
subst r at um, whi ch i n t hi s case appear ed t o be smal l gaps i n t he

Fi l t er

por e

si ze

'Um

0. 22

No. of cel l s

adher i ng

mean t SD

27t 8

%Cel l s

mi gr at -

i ng i nt o

f i l t er

0

Di st ance

mi gr at ed

( mean ±1

SD)

j um

-

0. 45 37 t 11 0 -

3. 0 378 t 161 3. 2 36 t 12

8. 0 451 t 112 5. 2 25 t 10

0. 22 1, 340 t 129 0 -

0. 45 1, 245 t 171 0 -

3. 0 1, 242 t 94 0 -

8. 0 1, 242t 66 1 10t 6

Lymphocyt e Locomot i on and At t achment on

Two- di mensi onal Sur f aces and i n Thr ee- di mensi onal

Mat r i ces

WENDY S. HASTON, JAMES M. SHI ELDS, and PETER C. WI LKI NSON

Depar t ment of Bact er i ol ogy and I mmunol ogy, Uni ver si t y of Gl asgow, Gl asgowG116NT, Scot l and

ABSTRACT

 

The adhesi on and l ocomot i on of mouse per i pher al l ymph node l ymphocyt es on 2-
Dpr ot ei n- coat ed subst r at a and i n 3- Dmat r i ces wer e compar ed . Lymphocyt es di d not adher e
t o, or mi gr at e on, 2- Dsubst r at a such as ser um- or f i br onect i n- coat ed gl ass. They di d at t ach t o
and mi gr at e i n hydr at ed 3- Dcol l agen l at t i ces . When t he Col l agen was dehydr at ed t o f or ma 2-
Dsur f ace, l ymphocyt e at t achment t o i t was r educed . We pr opose t hat l ymphocyt es, whi ch ar e
poor l y adhesi ve, ar e abl e t o at t ach t o and mi gr at e i n 3- Dmat r i ces by a nonadhesi ve mechani sm
such as t he ext ensi on and expansi on of pseudopodi a t hr ough gaps i n t he mat r i x, whi ch coul d
pr ovi de pur chase f or movement i n t he absence of di scr et e i nt er mol ecul ar adhesi ons. Thi s was
suppor t ed by st udi es usi ng ser um- coat ed mi cr opor e f i l t er s, si nce l ymphocyt es at t ached t o and
mi gr at ed i nt o f i l t er s wi t h por e si zes l ar ge enough ( 3 or 8 , um) t o al l ow pseudopod penet r at i on

but di d not at t ach t o f i l t er s made of an i dent i cal mat er i al ( cel l ul ose est er s) but of nar r owpor e
si ze ( 0. 22 or 0. 45 Am) . Ci nemat ogr aphi c st udi es of l ymphocyt e l ocomot i on i n col l agen gel s

wer e al so consi st ent wi t h t he above hypot hesi s, si nce l ymphocyt es showed a mor e var i abl e

mor phol ogy t han i s t ypi cal l y seen on pl ane sur f aces, wi t h f or mat i on of many smal l pseudopodi a
expanded t o gi ve a mar ked const r i ct i on bet ween t he cel l and t he pseudopod . These ext ensi ons
of t en r emai ned f i xed wi t h r espect t o t he envi r onment as t he l ymphocyt e moved away f r omor

past t hem. Thi s suggest s t hat t he pseudopodi a wer e i nser t ed i nt o gaps i n t he gel mat r i x and

act ed as anchor age poi nt s f or l ocomot i on.

Though l ymphocyt es ar e mot i l e, t hey adher e and move poor l y

on pr ot ei n- coat ed gl ass or pl ast i c under condi t i ons i n whi ch

f i br obl ast s, macr ophages, and neut r ophi l s adher e and move

wel l . I n consequence, gener al i zat i ons about cel l l ocomot i on

obt ai ned f r omst udi es of t he l at t er cel l s do not f i t t he mor e

puzzl i ng l ocomot or behavi or of l ymphocyt es, a knowl edge of

whi ch woul d hel p us t o under st and howl ymphocyt es r eci r cu-

l at e, cooper at e wi t h each ot her and wi t h ot her cel l t ypes, and

i nf i l t r at e and mi gr at e t hr ough ext r avascul ar si t es .

Cel l s movi ng on 2- D sur f aces must make cl ose enough

cont act wi t h t he subst r at umt o pr ovi de t r act i on f or l ocomot i on .

I n f i br obl ast s, i t has been post ul at ed t hat l ocomot i on t akes

pl ace because t he cel l s f or m ar eas of cont act named f ocal

adhesi ons ( 1) wher e t her e i s cr oss- br i dgi ng of t he space bet ween

cel l and subst r at umwi t h an i nt er medi at e pr ot ei n, f i br onect i n

( 27) , whi ch al l ows t r act i on t o be gener at ed . Focal adhesi ons

ar e not seen i n f ast er - movi ng cel l s such as neut r ophi l l euko-

cyt es, but t hese cel l s do f or mr api dl y shi f t i ng ar eas of cl ose

cont act whi l e movi ng on pr ot ei n- coat ed subst r at a ( 3) .
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I n ear l y st udi es of l ymphocyt e movement , t he pol ar i zed

mor phol ogy was descr i bed, wi t h ( f r omf r ont t o back) a l eadi ng

hyal i ne vei l , a const r i ct i on r i ng, t he cel l body wi t h t he nucl eus

wel l f or war d, and t he t ai l or ur opod ( 8, 15, 16) . Thi s mor phol -

ogy was descr i bed as amoeboi d, and compar i sons wi t h t he

l ocomot or behavi or of amoebae wer e made. These l ymphocyt es

wer e usual l y st udi ed wi t hi n t he 3- Dmat r i x of a f i br i n cl ot ( 8,

18) but somet i mes appar ent l y on f l at sur f aces ( 5) . Lat er wor k

i n whi ch l ymphocyt e l ocomot i on was st udi ed i n r el at i on t o

ot her , l ar ger cel l t ypes gr owi ng i n cul t ur e, f or exampl e f i br o-

bl ast s ( 12, 19) or l ymph node r et i cul ar cel l s ( 14) , showed t hat ,

wher eas l ymphocyt es on t he bar e subst r at umhar dl y moved at
al l , l ymphocyt es t hat penet r at ed bet ween t he cul t ur ed cel l s and

t he subst r at umwer e hi ghl y mot i l e.

The r equi r ement f or cl ose adhesi on may be much l ess cr i t i cal

f or cel l s movi ng i n 3- Denvi r onment s, as descr i bed by ear l i er

wor ker s, t han f or cel l s movi ng on pl ane sur f aces . I t i s t he maj or

ai m of t hi s paper t o expl or e t hi s hypot hesi s. We compar e t he

adhesi on and l ocomot i on of l ymphocyt es on 2- Dsubst r at a and

747

Haston WS, Shields JM, Wilkinson PC. J. Cell Biol. 92:747–52 (1982)  

Lymphocytes poorly adhere to 2D substrate, yet are highly 
motile on 3D gel of collagen, indicating adhesion independent 
motility

Evidence of Adhesion-free motility

�14



Thomas LECUIT   2021-2022
reviewed in P. Friedl et al J. Leukoc. Biol. 70: 491–509 (2001). 

Evidence of Adhesion-free motility

Random locomotion and chemotaxis of human blood
polymorphonuclear leukocytes (PMN) in the presence of EDTA:
PMN in close quarters require neither leukocyte integrins nor
external divalent cations

STEPHEN E. MALAWISTA*† AND ANNE DE BOISF LEURY CHEVANCE‡

‡

S. Malawista and A. Boisfleurry Chevance PNAS  94, 11577–11582, (1997 )

• Cell motility (random motility and 
chemotaxis) is unaffected by EDTA or 
antibodies against Integrins

• Motility is enhanced when cells are 
sandwitched between slide and 
coverslip (chimneying model)

• Amoeboid motion of a T lymphocyte within 
a 3-D collagen matrix. 

Anti ß-integrin blocking antibody 
does not affect cell motility in 
collagen matrix

P. Friedl et al Eur. J. Immunol. 28: 2331–2343 (1998)
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Demonstration of Integrin/adhesion independent motility

Thomas LECUIT   2021-2022

Rapid leukocyte migration by integrin-
independent flowing and squeezing
Tim Lämmermann1, Bernhard L. Bader3, Susan J. Monkley4, TimWorbs5, Roland Wedlich-Söldner2, Karin Hirsch1,

Markus Keller3, Reinhold Förster5, David R. Critchley4, Reinhard Fässler1 & Michael Sixt1

Lämmermann, T. et al. and M. Sixt. Nature 453, 51–55 (2008). 

 

Interstitial migration of dendritic cells (DC) within skin 
and entry into lymphatic vessels

Integrin and Talin mutants have normal migration speed

Velocities of chemotaxing leukocytes in 3D collagen matrices 
is unaffected in integrin and Talin mutants

ICAM-1

N
o

. 
o

f 
a
d

h
e
re

n
t 

c
e
lls

S
p

e
e
d

 (
µ

m
 m

in
–
1
)

ICAM-1

H2=12.3

P<0.001

H2=16.3

P<0.001

F2,9=2.8, P=0.12

t64=0.6,

P=0.53

t65=1.6,

P=0.11

*

*
*

*

FN

WT

0

400

800

2D 3D

a

b c d

2

0

DP:

4

8

10

6

S
p

e
e
d

 (
µ

m
 m

in
–
1
)

4

0

12

16

8

Itg–/– Tln1–/–

W
T

WT

0.81

± 0.09

0.78

± 0.08

0.76

± 0.1

Itg
–/

–

Tl
n1

–/
–

W
T
Itg

–/
–

Tl
n1

–/
–

Itg–/– WT

Granulocyte B blast

Itg–/– WT Itg–/–

Tln1–/–

Adhesion: affected Migration: unaffected

LYVE-1

DC

S
p

e
e
d

 (
µ

m
 m

in
–
1
)

F2,303 = 2.1, P = 0.13

cb

d

2

4

6

8

Tln1–/–

0.76

±0.13

Itg–/–

0.76

±0.17

WT

0.79

±0.14
DP:

0

wild-type (WT), integrin-/- (Itg-/-) and talin1-/- (Tln1-/-) DCs 

E

BV

D

lymphatic vessel

�16



Integrin/adhesion independent motility

Thomas LECUIT   2021-2022

• What is the nature of propulsive forces? 
—contractility at the cell rear
—cell expansion at the front by fluid flow in actin free regions (blebbs)
—actin retrograde flow

• What allows force transmission?
—Confinement and Friction with surrounding in 3D

YJ. Liu et al, R. Voituriez and M. Piel Cell 160, 659–672 (2015)
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Crawling in confinement - Plan

Thomas LECUIT   2021-2022

• Manifestations of cell motility under confinement
—Adhesion independent motility

• Mechanisms of propulsion: 
—actin retrograde flow and friction
—environment topography
—confinement sensing

• Mechanisms of protrusion - Blebbs

• Evolutionary origin of ameboid motility
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Cell confinement in 3D induces motility

Thomas LECUIT   2021-2022

Manifestation of 3D confined cell motility 

0 s 60 s 120 s 180 s

0 s 110 s 160 s 250 s

Agarose
a

Microfluidic channel

Collagen I gel

0 s 15 s 30 s 45 s

Glass

• Cell movement in different 3D environments

Bergert M, et al and G. Salbreux and E. Paluch. 

Nat. Cell Biol. 17:524–29 (2015)  

Time lapses of migrating blebbing Walker 
cells under agarose, within a 3D collagen-I 
gel or in a BSA-coated microfluidic channel 
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Non adhesive substrates

V. Ruprecht et al. and R Voituriez and M. Piel. Cell 160, 673–685  (2015)
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• Zebrafish germ layer progenitor cells adopt a polarized motile state in presence of serum in 
confinement in vitro 
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immobile motility is associated with cell polarisation

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

x = 0
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• Adhesion to 2D substrate

Confinement

0% 5% 15% 100% 50% 

• 3D confinement: cells adopt 
different morphologies 

5µm confinement: cell body alone is deformed

Normal human dermal fibroblast cells 
(NHDF) migrate in a mesenchymal 
fashion: lamelipodia, filipodia 

Change in cell morphology due to confinement

Cell confinement in 3D induces motility

• strength of adhesion is tuned by 
% of RGD peptide in vitro

• height of confinement is tuned
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Competing effects of adhesion and confinement on motility
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YJ. Liu et al, R. Voituriez and M. Piel Cell 160, 659–672 (2015)

Cell confinement in 3D induces motility

3µm confinement: cell body and nucleus deformed

• Without confinement: adhesion 
promotes motility (E vs D)

• With high confinement: 
—no motility at intermediate 
adhesion (B)
—rapid motility without 
adhesion (A)
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Induced polarization in adhesion free motility by chemical gradient

C D

E

F

Cell confinement in 3D induces motility

V. Ruprecht et al. and R Voituriez and M. Piel. Cell 160, 673–685  (2015)

• LPA (lysophosphatidic acid) induces a switch from mesenchymal to 
amoeboid motility

• LPA induces Myosin-II contractility (inhibiting MyoII blocks the amoeboid 
state)

• LPA induces actomyosin and cell shape polarization
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RPE1 HeLa

0’ 60’ 120’ 180’ 0’ 5’ 15’ 25’

HOECHST HOECHST

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

Spontaneous polarization in adhesion free motility is enhanced by cell contractility

Cell contractility is required for confined motility
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• The proportion of rapid amoeboid 
cells scales with cell cortex 
contractility 
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YJ. Liu et al, R. Voituriez and M. Piel Cell 160, 659–672 (2015)

Spontaneous polarization in adhesion free motility is enhanced by cell contractility
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Cell contractility is required for confined motility
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Bergert M, et al and G. Salbreux and E. Paluch. 

Nat. Cell Biol. 17:524–29 (2015)  

• Cells in confinement have a clear front-rear polarity:
                —MyosinII and F-actin are enriched at the posterior

• Retrograde actin flow in referential of the cell

• The actin flow in lab referential depends on 
friction coefficient with walls of capillary:
—If very low friction, rapid flow in lab referential 
and no cell movement
—if high friction, no flow in lab referential and       
rapid cell movement

Actin retrograde flow and Force transmission by friction

Impact of friction

d

Large friction Intermediate friction Small friction

Cell movement Cell movementCell movement

Retrograde flow Retrograde flowRetrograde flow BSA/F127 F127BSA

• This supports the view that frictional forces are 

essential for forward movement
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BSA (friction  = 2.7 ± 0.2 × 107 Pa s m–1)α F127 (friction  = 1.5 ± 0.6 × 103 Pa s m–1)αBSA/F127 (friction  = 1.8 ± 0.3 × 104 Pa s m–1)α
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Nat. Cell Biol. 17:524–29 (2015)  

• Mechanical model
• Propulsive frictional forces result from retrograde actin 

flow  velocity and allows forward movement

II. Intermediate friction    ≈  D III. Large friction   >>  D
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• Cell motility if frictional forces become 
equal to or larger than fluid drag force

Force transmission by frictional forces

Mechanical model of confined motility
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• Gradient of cortical tension        drives 
posterior actomyosin flow (see course 4th Dec 
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UPL9034741296314664690_LECUIT_2018_Cours_3.pdf)
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A positive feedback loop underlies polarization and motility

G H

Contractile gradient drives flow which reinforces the gradient
Positive feedback (similar to 2D crawling)

V. Ruprecht et al. and R Voituriez and M. Piel. Cell 160, 673–685  (2015)
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Blebbing Walker

(under agarose)
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3

2

0

4

• traction force in 3D confinement are much smaller than in cells 
adhering to a substratum

—Adhesion: nN range per µm2 :  1kPa range
—Adhesion free: pN range per µm2: 1 Pa range

Traction forces in 2D substrate vs 3D confinement

Bergert M, et al and G. Salbreux and E. Paluch. 

Nat. Cell Biol. 17:524–29 (2015)  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In confinement, cells are pushers, and not pullers

Bergert M, et al and G. Salbreux and E. Paluch. 

Nat. Cell Biol. 17:524–29 (2015)  

• Opposite force dipole in 
adhesion and adhesion 
independent motility

• Adhesion dependent: Negative 
force dipole  of traction forces 
reflects combined effect of 
retrograde actin flow and cell 
contraction

          Contraction is used to de-adhere

• Adhesion free: 

Positive force dipole reflects   
expansion due to contraction at 
the back and frictional resistance

BSA (moving cell)

a

b

BSA/F127 (moving cell) F127 (non-moving cell)

Adhesive:  Frictional:

fCell – 〈fCell〉

Force distribution (variation around the mean) and force dipole:

–1 0 1
Pa

–2.6 0 2.6
mPa

–0.1 0 0.1
mPa

kPa range Pa range

c

Crawling cells

Swimming cells

PusherPuller
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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).

Comparison of adhesion and adhesion-free motility

Thomas LECUIT   2021-2022

• 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 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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Crawling in confinement - Plan
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• Manifestations of cell motility under confinement
—Adhesion independent motility

• Mechanisms of propulsion: 
—actin retrograde flow and friction
—environment topography
—confinement sensing

• Mechanisms of protrusion - Blebbs

• Evolutionary origin of ameboid motility
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Role of substrate topography in confined motility

Thomas LECUIT   2021-2022
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T lymphocyte motility is 
dependent on Integrin on a 
2D substrate, or in 3D 
confinement between glass 
and coverslip

However in 3D matrigel, 
motility is integrin 
independent

Question: what feature of 3D matrix triggers integrin dependent motility?

Hypothesis: Geometry/Topography of environement

A. Reversat et al. and R. Voituriez and M. Sixt. Nature. 582(7813):582-585. (2020) 

doi: 10.1038/s41586-020-2283-z.
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Role of substrate topography in confined motility
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Testing the importance of environment topography using 
smooth and serrated channels
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A. Reversat et al. and R. Voituriez and M. Sixt. Nature. 582(7813):582-585. (2020) 

doi: 10.1038/s41586-020-2283-z.
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Role of substrate topography in confined motility
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 < L

∞

Cell cortex

Force

 = 2π/k

Confining

wall

F-actin flow

v0

v0

L

c

a b

y
x

y
x

w(x)

U = 0

U > 0

h
+
(x)

h
–
(x)

Cytoplasm

• For a static fluid normal forces are 
homogeneous and sum up to zero

• In the presence of a retrograde actin 

flow, they are inhomogeneous and 

sum up globally to a propulsion 

force, which enables migration. 

• An irregular geometry bends the actin 
flow lines and induces shear forces in 
the actin cytoskeleton. To maintain the 
actin flow and balance shear forces, a 
pressure gradient along the cell 
polarity axis is therefore required in 
irregular geometries, and locally 

induces non homogeneous normal 

forces: forward facing boundaries are 
subject to larger forces.

mechanical model of adhesion/friction free cell motility

A. Reversat et al. and R. Voituriez and M. Sixt. Nature. 582(7813):582-585. (2020) 

Fx = �
8⇡6

3

z0Lv0⌘

�

✓

�

�

◆6

✏2,

Predictions: dependency of force Fx on flow velocity and 
inverse of length scale of serrations

w(x) = w0 + w1 sin (kx) 

λ = 2π/k w(x) − δ < y < w(x) 

For classical values η ∼ 105 Pa.s and v0 ∼ 1 − 10 μm/min, for 

realistic geometries used in experiments, for which λ ranges from 5 

to 25 μm, the channel depth z0 ∼ 10μm, cell length L ∼ 20 μm, and 

ε = w1/h0 ∼ 1, we find forces in the range 0.1 − 100 nN, which is an 

expected order of magnitude for migrating cells 
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Role of substrate topography in confined motility
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• Predictions: dependency of force Fx on 
inverse of length scale of serrations

A. Reversat et al. and R. Voituriez and M. Sixt. Nature. 582(7813):582-585. (2020) 

doi: 10.1038/s41586-020-2283-z.
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Role of substrate topography in confined motility
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Crawling in confinement - Plan
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• Manifestations of cell motility under confinement
—Adhesion independent motility

• Mechanisms of propulsion: 
—actin retrograde flow and friction
—environment topography
—confinement sensing

• Mechanisms of protrusion - Blebbs

• Evolutionary origin of ameboid motility
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How do cells sense confinement and induce contractility?

A. Lomakin et al. and D. Müller and M. Piel. Science. 370(6514):eaba2894. (2020)  doi: 10.1126/science.aba2894

V. Venturini et al. and V. Ruprecht. Science. 370(6514):eaba2644. (2020) doi: 10.1126/science.aba2644

• Sensor of cell deformation under confinement

• The nucleus is a mechanical sensor

• Cells induce a retrograde actin flow which is powered by a 
gradient of cell contractility

• Blocking Myosin-II activation blocks cell motility

• How is cell contractility induced when cells are confined?
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How do cells sense confinement and respond?

Cell confinement induces cortical contractility above a threshold

Experimental assay:  

• Confinement of single nonadherent, initially 
rounded, interphase cells by using an ion beam–
sculpted flat silicon microcantilever mounted on 
an atomic force microscopy (AFM) setup 

• Monitor the acto-myosin cytoskeleton dynamics 
and contractile force generation by employing 
confocal video- microscopy and AFM-based force 
spectroscopy

• Stepwise compression from 10 to 5 µm (from 
initial diameter 20µm)

A. Lomakin et al. and D. Müller and M. Piel. Science. 370(6514):eaba2894. (2020) 

10µm 5µm

Results: 

• most cells are insensitive to 10µm 
confinement.  All cells responded at 
5µm confinement

• Activation of cortical MyosinII and cell 
blebbing

MyosinII
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How do cells sense confinement and respond?

Compression induced cell contractility depends on mechanisms associated with 
nuclear–ER membrane stretch 

A. Lomakin et al. and D. Müller and M. Piel. Science. 370(6514):eaba2894. (2020) 

GdCl3, gadolinium chloride inhibits stretch-sensitive ion channels at plasma membrane

DOCL, sodium deoxycholate, reduces plasma membrane tension 

BAPTA chelates extra-cellular Ca2+ 

2APB: inhibits stretch sensitive calcium channels InsP3Rs and 

ORAI-STIM complex

BAPTA-AM chelates intra-cellular Ca2+

• Myosin-II cortical activation is 
sensitive to factors that affect 
tension in Endoplasmic 
reticulum/Nuclear Envelope (ER/
NE) and intracellular calcium

V. Venturini et al. and V. Ruprecht. Science. 370(6514):eaba2644. (2020)

• The nuclear envelope is 
convoluted (excess of perimeter 
- EOP)

• As cells are confined, the nuclear 
envelope unfolds and becomes 
smooth at 5µm

LAP2 (NE) and F-actin

5µm

2.5µm
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How do cells sense confinement and respond?

The nucleus is required for cortical Myosin-II activation in confined cells

A. Lomakin et al. and D. Müller and M. Piel. Science. 370(6514):eaba2894. (2020) 

• Cell enucleation (cytoplast) blocks MyosinII activation

• Yet inhibition of transcription (and translation) is not 
required for MyosinII activation 

• Partial compression of cells: only cells where nuclei is 
compressed activate Myosin-II

• When half the cell is compressed by the nucleus is 
not, MyosinII is not activated at the cell cortex
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Activation of PLA2 at the inner Nuclear Envelope underlies nuclear mechanosensing 

How do cells sense confinement and respond?

A. Lomakin et al. and D. 

Müller and M. Piel. Science. 

370(6514):eaba2894. (2020) 

• Pla2 is recruited at the nuclear membrane 
when cells are compressed (5µm)

V. Venturini et al. and V. Ruprecht. Science. 370(6514):eaba2644. (2020) doi: 10.1126/science.aba2644

• Pla2 is required in nucleoplasm for 
cortical Myosin-II activation
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• Phospholipase A2 is sensitive to nuclear membrane stretch
Enyedi et al. Cell 165, 1160–1170 (2016)
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How do cells sense confinement and respond?

Nucleus-to-cytoskeleton signaling

Working mechanical model 

Cell compression (confinement) 
induces, above a certain threshold, inner 
nuclear membrane stretching.

This activates stretch sensitive calcium 
channels and cPLA2, which leads to 
synthesis of Arachidonic acid and 
together activate Myosin-II at the cell 
cortex

Q: Is nuclear envelope stretching sufficient to induce cell contractility?

A. Lomakin et al. and D. Müller and M. Piel. Science. 370(6514):eaba2894. (2020) 
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Intracellular Ca2+ is associated with and required for cell compression 
induced cell contractility, and cell motility

How do cells sense confinement and respond?

Calbrytes measures Ca2+ levels

V. Venturini et al. and V. Ruprecht. Science. 370(6514):eaba2644. (2020) doi: 10.1126/science.aba2644

• Intranuclear and cellular Ca2+ increases 
when cells are compressed/confined

• Calcium accumulates mostly when cells are 
compressed and not in hypotonic condition

• Cells can distinguish between isotropic 
(hypotonic shock) and anisotropic 
deformations

• NE deformation is not sufficient for motility
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Cell motility induced by confinement requires both intracellular 
calcium (dependent on ER/PM contact) and nuclear envelope stretch

How do cells sense confinement and respond?

V. Venturini et al. and V. Ruprecht. Science. 370(6514):eaba2644. (2020) doi: 10.1126/science.aba2644

INM unfolding and intracellular 
calcium levels enable cells to 
decode isotropic stretch versus 
cell squeezing in confinement 
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How do cells sense confinement and respond?

Correlation between nuclear stretching and cortical recruitment of myosin in 
confined  and motile cells 

A. Lomakin et al. and D. Müller and M. Piel. Science. 370(6514):eaba2894. (2020) 

excess of perimeter
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Dendritic cell motility requires nuclear mechanosensing via Pla2

How do cells sense confinement and respond?

A. Lomakin et al. and D. Müller and M. Piel. Science. 370(6514):eaba2894. (2020) 

Inhibitor of Pla2
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Crawling in confinement - Plan
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• Manifestations of cell motility under confinement
—Adhesion independent motility

• Mechanisms of propulsion: 
—actin retrograde flow and friction
—environment topography
—confinement sensing

• Mechanisms of protrusion - Blebbs

• Evolutionary origin of ameboid motility
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Cell expansion by blebbing
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Bleb initiation can result from: 

Hydrostatic pressure in the 
cytoplasm (Pint) then drives 

membrane expansion by 
propelling cytoplasmic fluid 
through the remaining cortex 

or via hole in the cortex 

the membrane can detach further from the cortex, increasing the diameter of the bleb base

As bleb expansion slows down, a new actin 
cortex reforms under the bleb membrane

Recruitment of MyosinII leads to bleb 

retraction 

a b

zebrafish primordial 
germ cell

Dictyostelium 

G. Charras and E. Paluch Nature Rev. Molecular Cell Biology 9:730-736 (2008)
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Cell expansion by blebbing

• Contractility can have a local or non local effect on the 
probability of detachment 

c d e
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Compressive
force

Membrane Actin cortex Myosin motor Cell–substrate attachment

u
t
t
p
n
lo
ad
l
p
c
o
o
m
w
i

a

Plocal Pglobal

a  Bleb initiation by membrane detachment b  Bleb initiation by cortex rupture

0

Time

tra-

ly, 
s 

, 
ing 
d 
eb 

-
cell 
ts 
the 
ng 

f 
e 
f 

g 

ili-
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• Manifestations of cell motility under confinement
—Adhesion independent motility

• Mechanisms of propulsion: 
—actin retrograde flow and friction
—environment topography
—confinement sensing

• Mechanisms of protrusion - Blebbs

• Evolutionary origin of ameboid motility
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evolutionary origin of confined motility

Brunet et al. and N. King. eLife 2021;10:e61037. DOI: https://doi.org/10.7554/eLife.61037 

King N. Developmental Cell 2004

S. rosetta
Specialized crawling (amoeboid) cell types are 
present in multiple animal lineages, including 
sponges (archeocytes), ctenophores (stellate cells), 
cnidarians (amoebocytes), invertebrate bilaterians 
(amoebocytes), and vertebrates (white blood cells 
and mesenchymal cells)

What about amoeboid phenotypes in the closest 
relatives to animals, choanoflagelates?

5 µm

cell

ECM

Salpingoeca rosetta

(B)(A)

(C)

�52



Thomas LECUIT   2021-2022

evolutionary origin of confined motility

A flagellate to amoeboid switch in the closest relatives of animals

Brunet et al. and N. King. eLife 2021;10:e61037. DOI: https://doi.org/10.7554/eLife.61037 

M. Dayel et al. and N. King. Developmental Biology 357 (2011) 73–82 (2011)
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A flagellate to amoeboid switch in the closest relatives of animals

Cell blebbing of S. rosetta under confinement
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Confinement is associated with motility and cell escape from confinement zone
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The switch from a flagellate to a amoeboid behavior due to confinement might have been part of an ancestral stress 
response in the last common choanozoan ancestor 

�55



Thomas LECUIT   2021-2022

evolutionary origin of confined motility

• Widespread occurence of amoeboid switch among choanoflagellates

• Strengthens the pre-metazoan origin of amoeboid confined motility

• Might reflect ancestral stress response to confinement

All scale bars: 2 µm
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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).

Comparison of adhesion and adhesion-free motility

Thomas LECUIT   2021-2022

• 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 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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