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The cell cytoskeleton

Actin Network

Moving cell

Intermediate Filaments

Microtubules

Source: J. V. Small 2013-2014
http://cellix.imba.oeaw.ac.at/cytoskeleton



The cell cytoskeleton

Fibroblast Cytoskeleton
Source: J. V. Small 2013-2014

http://cellix.imba.oeaw.ac.at/cytoskeleton
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Source: Josef Kids ; https://www.uni-leipzig.de



Cytoskeleton and cell motility

Microtubules

Green: Microtubules ; Blue: Chromosomes ; Pink:
Kinetochores.

https://fr.wikipedia.org/wiki/Kinétochore

Source: Vic Small
http://cellix.imba.oeaw.ac.at/cytoskeleton

T. Risler, Cytoskeleton and Cell Motility,
in Encyclopedia of Complexity and System Science, Springer NY (2009)



Sources of activity

Z-disc

Myosin filament

Source: K. Kruse
http://www.uni-saarland.de

Source: K. Kruse
http://www.uni-saarland.de

Actin filament

Filopodium

@D Adhesion sites

Stressfiber
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Retraction | Protrusion Source:
I Vic Small

T. Risler, Cytoskeleton and Cell Motility,
in Encyclopedia of Complexity and System Science, Springer NY (2009)



Osmotic pressure

(a) Cells in dilute salt solution (b) Cells in distilled water (c) Cells in concentrated salt solution

http://chemwiki.ucdavis.edu

Source: Wikipedia

Membrane



Depletion interaction and
microtubule bundles
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Microtubules PEG Depletion induced Bundles

Depletion forces from the polymer PEG
induces spontaneous bundling of Microtubule filaments.

Source: S. DeCamp
http://www.stephenjdecamp.com




Depletion interaction and
active nematics

Kinesin motor clusters

Surfactant

Scale bars: 50 um

Sanchez et al., Nature (2012) ; DeCamp et al., Nat. Mat. (2015)



Nematic topological defects and
cytoskeleton patterns

Nematic Defects
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-1/2 Defect Schematic

Nedelec et al., Nature (1997)

+1/2 Defect in the microtubule -1/2 Defect in the microtubule

http://www.stephenjdecamp.com



Numerical simulations

DeCamp et al., Nat. Mat. (2015)
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Voituriez et al., Europhys. Lett. (2005)
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Voituriez et al., PRL (2006)

General framework of active gels

Kruse et al., EPJE (2005)
Jiilicher et al., Phys. Rep. (2007)
Risler, Springer Encyclopedia (2009)



Sound detection out of equilibrium

The Hopf bifurcation revisited

F. Julicher, J. Prost
Institut Curie, Paris
Max-Planck Institute, Dresden




Auditory performances

Frequency range: 20 Hz - 20 kHz (Human)
Up to 100 kHz (Bats; Wales)

Frequency discrimination: Af/f = 0.2-0.5 %

Dynamic range: Stimulus: 20 uPa - 20 Pa (1.000.000 fold)
Response: <1 nm —10s nm (100 fold)

Threshold: Thermal-noise limited
Vibrations < 1 nm

Nonlinear sensitivity ; Active amplification



Hearing and activity

Spontaneous Oto-Acoustic Emissions (SOAE)
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Manley & Koppel, Cur. Op. Neurobiol. (1998)



The human ear

Auricle

Stapes

Vestibular nerve

Cochlear nerve

Cochlea

Round window

Eustachian tube

(R. Pujol,
http.//www.iurc.montp.inserm.fr/cric/audition)

Otolithic membrane
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Hudspeth, Nature (1989) (review)



The sensory cells: the hair Cells

A.J. Hudspeth’s Laboratory




Mechano-transduction

WA

Corey & Hudspeth, J. Neurosci. (1983)
Howard & Hudspeth, Neuron (1988)

membrane
actin— |

linker
channel —

tip link __

Holt & Corey, PNAS (2000)



Tonic fluxes

A.J. Hudspeth’s Laboratory

Yamoah et al., J. Neurosci. (1998)

Ca2+

K+ -

Hudspeth, Science (1985)



Ribbon synapse

Presynaptic
dense body

Synaptic
vesicles
Presynaptic
density

Jacobs & Hudspeth,
Postsynaptic (i;l;iOSprmg Harbor Symposia
density (1990)




The degrees of freedom

P. Gillespie

A.J. Hudspeth

One or many degrees of freedom ?



Double-laser interferometer

PD 2

PD 3 == bp 632

laser L1 ==-L1
632 nm bx pol
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A. Kozlov, A. Hinterwirth

microscope body

Kozlov et al., Nature (2011)

Kozlov et al., J. Physiol. (2012)



FEM model

10 /M

=10 nm

J. Baumgart

— 1 ym



Observables

Drag

Coherency
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FEM results
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Kozlov et al., Nature 474, 376 (2011)
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Kozlov et al., Nat. Neurosci. (2007)



Stochastic model

Hair bundle of the bullfrog’s sacculus

» 61 stereocilia in

hexagonal e o o o o
arrangement e © 6 06 0 o
» 122 degrees of e © ¢ o o o o
freedom
L o o o o o L ®
(finite element model
- 350 OOO) o [ L @ @ [ L o [

Formulation of stochastic model
Passive system: D ; % + KijXj =1



Comparison FEM - Analytic
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- Lubrication approximation
- Very small axial flow



Numerical integration scheme

Formulation of stochastic model
Passive system: D ; % + Kij Xj = i
Euler time integration:

XA — (x, — At D Kk xk+2 v ks T At Gy

oD {
—1 /s —1

D: Damping matrix At: Time step

K. Stiffness matrix kg: Boltzmann constant
x: Displacement I': Temperature

vector G: Gk,Gj; = D} and Gj; = Gj,
f- Force vector n: Noise with zero mean and

t: Time variance of 1/2



Relative importance of the drift term

610"
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10 50 100 500 1,000 5,000 10,000
Frequency (Hz)

Coherence difference

- Letting evolve for 5 times the largest
eigenvalue (memory < 1%)

- Time step: gaps between adj. ster. vary
by less than 5%



Stochastic model results
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Kozlov et al., (2011)
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Splaying distances
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Kozlov et al., Nature (2011)

Check of the FEM model

Splaying distances = 1 nm or less



PSD (nm2-Hz1)
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Kozlov et al., J. Physiol. (2012)



Experiments

Recording electrodes

Howard, Hudspeth, PNAS (1987)
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Fluctuation spectrum

S’ (a)) = <X(G))X(— w)> Spontaneous oscillations
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Martin et al., PNAS (2001)



Activity and fluctuation-dissipation
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Sensitivity (nm/pN)

Sensitivity ‘ X ((U)‘ =

10 -

The hair bundle: a critical oscillator
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Martin, Hudspeth, PNAS (2001)



Hopf bifurcation and normal form
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Oscillations
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Camalet et al., PNAS (2000)
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Ospeck et al., Biophys. J. (2001)
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Phase-locked response (nm)
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The cochlea: an ensemble of critical
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Fluctuations and spontaneous oscillations

C(2)
Noisy oscillator $

C(t) = (X (0)X (1)) ~ {

Coupled Oscillators
Synchronization Transition 20 QH
or 50060600
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Field theory for coupled oscillators

0,7 = —(r+ia)0)Z—(u+iua)Z‘zZ
+(c+ic)AN,Z + N'e’F +n

CGLE: Aranson, Kramer, Rev. Mod. Phys. (2002)
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A special case

8,7 = ~(r+iw,)Z - (u+4)|Z| Z
+(c+¥E N, Z + N'e"F +n

Real case u =0 ; c, =0 N
A=e""7
f _ eia)OtA—leiHF

» Re(A)
0,A=—-rA—uld] A+cA A+ f+E

Exact mapping to the XY model



Renormalization

a
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Risler, Prost, Jiilicher, PRL (2004) & PRE (2005)



Perturbation theory

Elementary diagrams (Z =y, +ivy,)
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First order flow equations
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Renormalization flow diagram

One-loop order d=4-¢
u w, (D)

A eff A

x\v Do ““ﬁ' |

Two-loop order
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Risler, Prost, Jiilicher, PRL (2004) & PRE (2005)




Results

Fixed point Dynamical XY model: Equilibrium fixed point!

" . " 1 o eff
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Risler, Prost, Jiilicher, PRE 72, 016130 (2005)



Fluctuation-dissipation

T (w) @ 5(00)
T 2k, T x"(w)

Teff(a))oC 1 “ i\
T (w-wi" )" : W
u=l-¢/5 j

Risler, Prost, Jiilicher, PRL (2004) & PRE (2005)

Effective temperature

. . . Wood, Broeck, Kawai, Lindenberg,
Numerical verification PRL 96, 145701 (2006)

PRE 74,031113 (2006)



Summary

Synchronization Transition

Hopf bifurcation of coupled oscillators:
An out-of-equilibrium phase transition

Renormalization group and flow

New universal properties

Real Systems?
D A L L

http://www.ux.his.no/~ruoff/BZ_Phenomenology.html
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Morphological instabilities in tissues

A hydrodynamic instability

M. Basan, J. Prost & J.-F. Joanny
ETH, Ziirick
Institut Curie, Paris




Epithelia and carcinoma

Epithelia constitute the most common tissue type throughout the
body

Over 80% of human tumors originate from epithelia

Mutlilayred, stratified epithelium

Free surface

Epithelium
Basement ¢,
membrane A
Connective
tissue




Epithelial undulations




Epithelial instability

Basan et al., PRL (2011)

Risler and Basan, New J. Phys. (2013)
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Relaxation and rheology
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° 1,1?ime (min] ° Guevorkian et al.,
Phys. Rev. Lett. (2010)
Foty et al., Development (1996) PNAS (2011)

Forgacs et al., Biophys. J. (1998)

Elastic modulus E ~ 10®-10* Pa
Viscosity n ~ 10°—-10° Pa-s
Relaxation time 7 ~ 10s—10 mn
~ h Marmottant et al.,
T = NOours PNAS (2009)
Soft-matter models for Gonzalez-Rodriguez et al.,

tissues Science (2012)



Surface tension

Tissue Surface Tension
{dyme/cm)

Limb bud

Pigm. Epith.

Heart

Liver

N. Retina

Equilibrium Configuration

Foty et al., Development (1996)
M. Steinberg et al.




Constitutive equations

Epithelium:
Incompressible viscous medium with
material production

5 S A
3 ):'“\".:{_!‘7 0\'

-
o\0T 4w " o
£9

B e Vo = kg —
?’\;54\.-\, %\?:,/. aOé (e d ka

000ap =0
Oag + Péag =1 (80/05 + 85?)@)

Connective tissue (stroma): Standard viscoelastic medium

8avfx =0 aoza-?xﬁ —

(Tﬁt + 1) (chxﬁ -+ PS(SQB) =n (804@2-» -+ 851;3)



Epithelial source term

Epithelium: Incompressible viscous
medium with material production

(90/0(1 — k’d — k’a

Material production

= kexp(—2z/l) — kg



Boundary conditions

Upper surface of the epithelium

l Free tangential stress ot = 0

Normal stress: Laplace’s law

Onn — Ya 5H”

Opposite side  Hard-wall kinematic condition v

7
Interface Normal stress: Laplace’s law o fm = Onn + Yi Oh

s s
Tangential stress: Friction term Opt — Ont — f (Ut — Ut)



Modes: elastic connective tissue

all modes n

w [1/d]
w [1/d]

w [1/d]
w [1/d]

Basan et al., PRL (2011)
Epithelium viscosity 77 Risler and Basan, New J. Phys. (2013)

Rate of cell division k‘

Thickness of dividing region [



Modes: viscous connective tissue

all modes o
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Basan et al., PRL (2011)
Interfacial tension i Risler and Basan, New J. Phys. (2013)

Stroma viscosity Tls

Thickness of dividing region [



Modes: viscous connective tissue

Relative viscosities
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Coupling to nutrient
diffusion

ka — ka = K1p — Ko

dp = DV?p—cp
— st2ps

Risler and Basan, New J. Phys. (2013)

Boundary conditions

S —
Distance d from the interface P —

Apical surface of the epithelium —Do | p = ko P



Comparison of the two models

Fit the cell- - |
production function 2 |
(1) ka — ka = K1p — Ko I |
T
Op = DV?p —cp = '
-04 1 1 ] ] ]
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atps — st Ps P [Mm]

(2) ka—ka=kexp(—2/1) — ko

>
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New large-scale instability peak

With coupling to

— diffusion
T
=
3

L T 1 Without coupling to

-1 ! ! ! diffusion

0 50 100 150 200
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Instabilities in crystal growth

www.its.caltech.edu/~atomic/
snowcrystals




w [1/d]

Mullins-Sekerka type peak
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Risler and Basan, New J. Phys. (2013)



Epithelium thickness

Epithelium viscosity
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Epithelial undulations

http://en.wikipedia.org/wiki/Cervical_dysplasia
GNU Free Documentation License, Version 1.2

M. Basan
J.-F. Joanny
J. Prost

Basan et al., PRL (2011) Review: Risler, New J. Phys. (2015)
Risler and Basan, New J. Phys. (2013)



Tissue alone with fluctuations

Homeostatic pressure and density
Surface fluctuations
Effective temperature

M. Basan, A. Peilloux, J.-F. Joanny & J. Prost
ETH, Zirick
Université Paris Diderot Paris VII
Institut Curie, Paris




Epithelial undulations

http://en.wikipedia.org/wiki/
Cervical_dysplasia



Regulated pressure of tissue growth

Homeostatic pressure [},

Basan et al., HF'SP J. (2009)

At |




Regulated pressure of tissue growth

Homeostatic pressure [},

Basan et al., HF'SP J. (2009)

1000

Pressure regulation

of tissue growth 0

600

Spheroids in an agarose gel 400!

Diameter (m)

200

Helmlinger et al., Nature Biotech. (1997)

0 10 20 30 40
Time (days)

Mechanical feedback in development B. Shraiman, PNAS (2005)




Normalized Volume

Experiments

Osmotic stress exerted by Dextran

F. Montel, M. Delarue. G. Capello, L. Malaquin, D. Vignjevic, et al.

500 ym
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e it
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40 © .
g 1.5
30 2 . :
05 - m Montel, Delarue, Elgeti ez al.,
20t i (e Phys. Rev. Lett. (2011)
New J. Phys. (2012)
10} —
0 2 4 6 8 10 12 14

Time (Day)



Tissue competition

Homeostatic pressure P},

Tissue competition and tumor growth

Pt > pit

Dysplasic tissue ‘ Healthy tissue Basan et al., HFSP J. (2009)

Dissipative particle dynamics

Basan et al., Phys. Biol. (2011)

Dysplasic tissue Healthy tissue



Nucleation threshold

2y
Surface tension pct _ pht _ 27
r
M. Steinberg et al.
ct ht 27
Critical size Ph — Ph — T_
C

Radius

. T > T = Tumor grows

m r < T =  Tumor shrinks

0 05 1
Time

Nucleation and metastatic inefficiency Fidler, Nature Rev. Cancer (2003)

Basan et al., HF'SP J. (2009)



Tissue alone with fluctuations

Epithelium

Otp + Oa(pva) = (kp +&c)p

<€c (I‘, t)> =0

P o R ka + ko
SRR g = 2

o(r—r')o(t —t)

Close to homeostatic conditions
0p = p — Pn 00 = 0 — 0Oy,

kp = —(1/7) (dp/pn) = (1/71) Xxc 60



Tissue alone with fluctuations

Effective Maxwell model

(1 4+ 70)00 = Cvyy — & 0008 = Oap + 00 0ap

(1 —+ Taat) 5a5 — 277?7045 — gag 80450'046 =0
Ranft ef al., PNAS (2010)

Correlation and response functions
C(r—rt',t —t) = (§H(r, )6 H(x',t'))

(0H (r,t)) = /X(r — 1t —t"oP. (¢, t") dr'dt’



Effective temperature

- w C(q,w)
2 x"(q,w)

kBTeff (Q7 (U)

Thermodynamic limit

Tog(q,w) = T for 0 = 2nkgT and o = 2CkgT

77 shear viscosity 9 shear noise amplitude

C bulk viscosity 79 bulk noise amplitude

Infinite-thickness limit

Long-time limit Passive fluid at Teff, infinitely compressible

Short-time limit Passive compressible Maxwell elastomere



Effective temperature

Finite thickness in the long-time limit

a)

0.48
0.46

Teff 0.44
0.42

0.4

0.78

0.76

Tog 074
0.72

0.7

1

2 3 4 5 6

w C(g,w)
keTert(q,w) = - — =
’ 2 X" (q,w)
b) C)0.72
0.63
0.62 o7 — QCkB Teff
0.61 0.68 Ter = 9
0.6 0.66
0 1 2 3 4 5 6f 0 1 2 3 4 5 6
e _
) 69 )3.1 H — QH
65 2.9
61 2.7
57 2.5
0 1 2 3 4 5 6 0 1 2 3 4 5 6
H H

Risler, Peilloux, Prost, PRL (2015)



Generalized fluctuation-
dissipation relation

In the long-time limit

(0H (q,t)0H (¢',t)) = X(q) 0(q +q')

Prost et al., PRL (2009)

X(q,t) = —7(q)""S(q)" " 6H(q,1)

W
Xg(X (Q7 w) — §CXX (Q7 (U)

Risler, Peilloux, Prost, PRL (2015)



Analogy with membranes

In the long-time and long-wavelength limit

1 I+ %(9 Analogous to a membrane
C(q, w) — o 9 A\ 2)\_2 near a wall with
(’YC] + Kq ) T w P permeation constant
X(q,w) =~ — : =
’ vq? + kgt + iwAp ! G+ 37
19+ 56
kBTeff ~ -

2(+ %7



Analogy with membranes

kB T ofr
V4 + rqt

Equal-time correlation function Clg,t—t' =0) ~

Collision length (6H(0,t)6H(l.,t)) = H*

Tension-dominated regime ~vH 2 > kpTlen

H2
l. oc H r Loa] - le = \/ K/

kBTeff o kBTeH

Bending-dominated regime vH? < kpTog

wyH?
kB Teff

[c o< [, exp (
Risler, Peilloux, Prost, PRL (2015)
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