
VU Research Portal

Structure and dynamics of active actin-myosin networks

Soares e Silva, M.

2011

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Soares e Silva, M. (2011). Structure and dynamics of active actin-myosin networks: An in vitro perspective.
[PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/32ce6f01-5ddb-41bb-93c9-cbf76e4864eb


Chapter 4

Dynamics of active actin-myosin
networks probed by video particle
tracking

We probe the spatiotemporal characteristics of myosin-dependent dynamics in actin-myosin

networks by video tracking of embedded probe particles. We observed clear signatures of the

non-equilibrium contractile activity of the motors in the form of bouts of sudden, directed mo-

tion of the probes that were usually followed by relaxation. To quantify the frequency of these

active events, we developed an automated segmentation algorithm to distinguish periods of

active, directed motion from periods of random motion. We found that directed motion occurs

mainly during the first 30 minutes after sample preparation, whereas later it becomes infre-

quent. This age-dependence is reflected in the ensemble averaged dynamics, which show large

mean square displacements and non-Gaussian displacement distributions in the first 30 min-

utes, whereas after 30 minutes the ensemble averaged dynamics resembles that of passive (no

myosin) samples. The time-dependence of the active dynamics matches the time-dependence

of motor-driven coarsening of the actin network, which we observed with confocal fluorescence

microscopy. Detailed analysis of active translocation and relaxation events of probe particles by

kymographs indicated that network coarsening is accompanied by large (up to 25µm) displace-

ments of beads and plastic network deformation. After 30 minutes, there were only sporadic,

and small, contractile fluctuations, likely because the motors were mostly concentrated in clus-

ters and depleted from the intervening network. It will be interesting to extend existing theories

of active gel dynamics to account for the time-dependent and spatially inhomogeneous struc-

ture of actin-myosin gels and to explore implications of this coupling between structure and

dynamics for microrheology in cells.

jhjhjhjhjhjhjhjhjhjhj

Based on manuscripts under preparation by Marina Soares e Silva*, Björn Stuhrmann*, Fred C. MacKintosh, Gijsje
H. Koenderink. Björn designed and performed the automated analysis protocol. *Shared 1st author.
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4. Dynamics of active actin-myosin networks probed by video particle
tracking

4.1 Introduction

Living cells are viscoelastic materials that are out of thermodynamic equilibrium as

a result of dissipative processes in the cytoplasm fueled by metabolic energy [1]. The

cytoskeleton is constantly remodeled by active (de-)polymerization of filamentous

actin (F-actin) and microtubules (MTs), and by motor proteins that slide these fila-

ments or that move cargo across them [2]. These processes lead to active transport

of cellular components that add up to the ubiquitous thermal fluctuations that all

cellular components are subject to.

Several studies have sought to quantify, through microrheological approaches,

how these active processes influence dynamics of probe particle inside the cytoplasm

or on the exterior cell surface. The cytoplasm can be probed using endogenous par-

ticles such as endosomes, melanosomes or lipid granules [3, 4, 5], or by tracking ex-

ogenous probes imported by microinjection or phagocytosis [6, 7, 8]. Microspheres

attached on the cell surface can be physically coupled to the intracellular actin cy-

toskeleton via transmembrane integrin receptors [9, 10, 11]. There are two com-

plementary microrheology methods. Active microrheology probes the viscoelastic

properties of the cell by directly measuring the displacement of probe particles in

response to a force applied with optical or magnetic tweezers [12, 13, 14, 15, 16].

Instead, passive microrheology probes the spontaneous displacements of beads in

the absence of an external force [17, 18, 19]. In thermal equilibrium, beads are sub-

ject only to thermal fluctuations, so passive microrheology measures the same ma-

terial response function as active microrheology, as stipulated by the fluctuation-

dissipation theorem (FD) of statistical physics [20]. The FD theorem is a general-

ization of Einstein’s description of Brownian motion of probe particles in a viscous

liquid [21]. In a liquid, the viscosity can be extracted from the bead fluctuations us-

ing Stokes law, while in a viscoelastic fluid, the complex shear modulus can be ex-

tracted using a generalized Stokes law [7, 17, 22]. If there is a discrepancy between

the response function measured by active microrheology and passive microrheology,

this is strong evidence of non-equilibrium activity. Several studies in cells combining

passive and active microrheology indeed present evidence that intracellular activity

leads to a violation of the FD theorem, in particular at low frequency [5].

While there is clear evidence of non-equilibrium dynamics in cells [5, 10, 12,

13, 14, 16, 23], the exact microscopic origin of this phenomenon is difficult to dis-

entangle. The complex molecular composition and architecture of cells renders it

difficult to identify the molecules or processes responsible for out-of-equilibrium

fluctuations. To circumvent this complexity, several studies have focused instead

on minimal model systems reconstituted from purified cytoskeletal components, in

particular actin and myosin II. It was shown that single-headed myosin II subfrag-

80



4.1 Introduction

ments (known as S1) can increase the effective temperature of an actin network [24].

Myosin II filaments, which are more processive than S1 subfragments, were shown

to cause contractile fluctuations in actin networks, which lead to a violation of the

FD theorem at low frequencies [25] and to diffusive-like motion of spherical probes

and short-length scale bending of embedded microtubules [26]. Another signature

of non-equilibrium activity that has been reported is non-Gaussianity in the distri-

bution of displacements (or Van Hove correlation functions) of spherical and rod-

shaped particles [26]. Particles inside a network that is in thermal equilibrium and

has a homogeneous structure are expected to display Gaussian Van Hove correlation

functions [19]. Non-Gaussianity can arise from temporal or spatial heterogeneities

[19], or from non thermal activity [26]. In crosslinked networks, motor activity may

cause sustained build-up of tension, which can lead to substantial network stiffen-

ing [14]. To account for these experimental observations, theoretical models have

been proposed that model the motors as force dipoles in a homogeneous, contin-

uum elastic medium [27, 28, 29]. These models predict violations of the FD theorem

at frequencies below the characteristic frequency of motor detachment. The physi-

cal picture is that the motors gradually build up tension when they attach to F-actin,

followed by sudden detachment and passive relaxation of the built-up stress.

Recent studies of motor-driven organization of actin networks in vitro have re-

vealed that motors substantially affect the spatial structure of these networks. In

entangled solutions of actin, the motors form large clusters which locally condense

the actin network into disordered shell-like structures (see chapter 3, and references

[30, 31]). Crosslinking with biotin-streptavidin accelates coarsening, and leads to

larger condensed structures. Bundling of actin with fascin generates different types

of collective reorganization, involving clusters of actin bundles [32] and networks of

asters or vortices [31, 32, 33]. The consequences of this time-dependent restructuring

of actin networks for the dynamics of probe particles in these networks have, to the

best of our knowledge, not yet been addressed in experimental or theoretical studies.

In this chapter, we use an in vitro model system of weakly crosslinked actin-

myosin networks to characterize non-equilibrium network dynamics by microrhe-

ology and to relate these dynamics to the time-dependent remodeling of the net-

works by myosin contractile activity. We examined active networks in two limits of

motor density, which differ in the extent of motor-driven remodeling. At high mo-

tor density (1:65 myosin:actin ratio), the motors cause massive network coarsening

(Fig. 4.1, high density, scheme), whereas at low motor density (1:200 myosin:actin

ratio), the networks also coarsen, but slower and at smaller length scales (Fig. 4.1,

low density, scheme). We focus the microrheology analysis on the low motor density

regime, where the probe particles are homogeneously distributed and can be used

for spatiotemporal mapping of network dynamics. We identify signatures of non-
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4. Dynamics of active actin-myosin networks probed by video particle
tracking

equilibrium activity in the ensemble averaged dynamics of the particles. To investi-

gate the microscopic origin of this activity, we moreover examine the single particle

trajectories. We propose a new algorithm to segment trajectories into episodes of ac-

tive, directed motion and random (undirected) motion, and use this to quantify the

spatiotemporal frequency of activity and to identify collective particle motion. More-

over, we perform kymograph analysis of the trajectories to quantify the time scales,

displacements, and velocities associated with active, directed particle motion.

4.2 Materials and Methods

4.2.1 Particle surface passivation

For particle tracking experiments we used polystyrene microspheres

(lot]GK0470701B, G.Kisker, Steinfurt, Germany), with a diameter of 2µm. This

diameter was optimal for tracking active dynamics in actin networks of 1 mg/mL.

Smaller microspheres (1µm) were clustered by motor-driven network condensation,

even at low motor density (myosin:actin ratio of 1:200). In contrast, larger particles

(5µm) were insensitive to active network rearrangements induced by motor activity,

not showing perceptible displacements (<3 events in a movie with a total duration

of 75 minutes, N=30 particles in the field of view). To prevent protein adsorption to

the probe particles, the particle surface was passivated by adsorption of PLL-PEG

(PLL(20)-g[3.5]-PEG, SuSos, Switzerland), using 1.98 × 10−8 mg PLL-PEG per m2

of particle surface. The positively charged PLL block adsorbs to the negatively

charged microsphere surface, while the PEG block forms a brush layer that presents

a steric barrier against protein adsorption. Particles from a stock solution (30µL

of suspension of 2.5% solid fraction) were first sonicated to break up any clusters,

pelleted by centrifugation for 5 minutes at 13.2 krpm, and resuspended in 300µL

water containing 0.25 mg/mL PLL-PEG. The microspheres were incubated for 30

minutes in the tube while constantly rotating on a wheel at 10 rpm to prevent particle

sedimentation. The solution was subsequently centrifuged for 5 minutes at 8.9 krpm

and the supernatant was removed. The particles were finally resuspended in 60µL of

25 mM imidazole-HCl (pH 7.4).

4.2.2 Actomyosin network reconstitution

Myosin synthetic filaments were pre-formed by fast dilution of unlabeled or

DyLight594-labeled myosin II. To this end, myosin stock solution in 25 mM imidazole,

4 mM MgCl2, pH 7.4 containing 300 mM KCl was mixed on ice with all buffer compo-

nents, resulting in a final KCl concentration of 70 mM KCl. Myosin filaments were
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4. Dynamics of active actin-myosin networks probed by video particle
tracking

formed for 5 minutes at room temperature. Actin-myosin networks were prepared in

assembly buffer with final concentrations of 25 mM imidazole-HCl, 0.1 mM MgATP,

50 mM KCl, 0.1 mM MgATP, 2 mM MgCl2, 1 mM DTT, and pH 7.4. To prevent photo-

bleaching, we added 2 mM Trolox [34], and to prevent ATP depletion, we included a

regeneration mixture containing 1.25 mM creatine phosphate and 26 units/mL crea-

tine kinase (both from Roche Diagnostics, Almere, the Netherlands) [25, 35]. PLL-

PEG-passivated polystyrene microspheres were added to actomyosin samples in a

volume ratio of 1 to 2.

The actin concentration was 23.8µM (1.0 mg/mL) in all experiments. The actin

network was fluorescently labeled by mixing Alexa488-labeled G-actin and unlabeled

actin in a 1:20 molar ratio. We controlled the number crosslink points per actin fil-

ament by co-polymerizing biotinylated G-actin with unlabeled G-actin in a molar

ratio of 1:1000. The average number of available crosslink points per actin filament is

about 2, based on an average filament length of 6µm and assuming that crosslink

points occur in equally probable random placement along the filaments. Excess

streptavidin (streptavidin:actin molar ratio of 1:25) was included to form crosslinks

between the biotinylated actin filaments. The molar ratio between myosin and actin

was either 1:200 (low motor density regime) or 1:65 (high motor density regime).

Actomyosin network formation was initiated by adding monomeric G-actin and

transferring the samples to glass flow cells and warming to room temperature.

The flow cells were assembled with a standard microscope slide and 2 glass spac-

ers (150µm height), cut from ]1 coverslips (Menzel, Braunschweig, Germany) and

brushed with a thick layer of optical adhesive Norland #81 (Edmund Optics, York,

UK), and finally topped with a 24 × 24 mm #1 coverslip (Menzel, Braunschweig, Ger-

many). The optical adhesive was cured under a 8-Watt EA-180 UV lamp (365 nm

wavelength, Distrilab BV, Leusden, the Netherlands) for 20 minutes. The flow cell

surface was passivated with 0.1 mg/mL κ-casein diluted in assembly buffer to avoid

non-specific interactions with the networks. The chambers were sealed with silicone

grease to prevent solvent evaporation.

4.2.3 Image acquisition

The particles embedded in the actin-myosin networks were imaged in brightfield on

a Ti-Eclipse Nikon inverted microscope with a Nikon 40x oil immersion objective lens

(numerical aperture 1.0), making sure that optimal Köhler illumination was achieved.

For video tracking the following recording protocol was implemented: movies of

27000 frames were recorded at 5 frames per second starting within 2 minutes after

initiation of actin polymerization, using a Photometrics Coolsnap HQ2 digital CCD

camera (Photometrics, Tucson AZ, USA) controlled by NIS Elements AR 3.0 software
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4.2 Materials and Methods

(Nikon Instruments Europe BV, Amsterdam, the Netherlands). The field of view was

either 352x520 pixels (half of the camera chip area) or 704x1040 pixels (full size of the

camera chip). The 12-bit frames were either not binned in space for smaller fields

of view (pixel size 0.16µm) or 2x binned for the larger fields of view so as to reduce

the recorded file size (pixel size 0.32µm). Binning did not influence the accuracy of

particle tracking, which was subpixel and on the order of order 10 nm, as checked by

tracking beads immobilized on a coverslip. The exposure time was always 1 ms. Raw

data was stored as .nd2 files (NIS Elements format) and later converted to 16-bit tiff

files for image processing. We imaged particles in the middle of the flow cell, to avoid

any influence from the walls.

4.2.4 Particle tracking

Video particle tracking was performed using BeadTracker tracking software written

in C] (Microsoft .Net Framework 4.0, Redmond, U.S.A.) by Marco Seynen of the Soft-

ware Engineering department at AMOLF. The tracking algorithm was based on exist-

ing algorithms written originally in IDL (Interactive Data Language, ITT VIS, U.S.A.)

by J. Crocker and D. Grier [36]. The software was able to swiftly analyze large data sets

(>10000 frames or> 15 Gb). The new software has two principal advantages over the

original IDL version. First, it can handle larger datasets, since it loads and processes

1 frame at a time instead of loading all frames at once. Second, it is faster because it

calculates boxcar and Gaussian filters during image processing steps (details below)

on a graphics-card using CUDA (NVIDIA Corporation, Santa Clara, USA) and using

C-sharp (or C#, a third-generation language, 3GL), which is faster than IDL (a fourth

generation language, 4GL).

BeadTracker offers an interactive user interface that uploads each movie frame

individually and shows detection results immediately when parameters are changed.

Particle tracking can be performed either on the full field of view or on a selected

region of interest. Furthermore, BeadTracker has several additional post-tracking

functions in addition to the original tracking algorithm. These functions include the

option to connect particle coordinates with selected pixel and frame ranges and the

option to correct missing particle coordinates. The latter correction can be executed

either by filling missing positions with the last detected position of a segment of a

trajectory, or by interpolating the position between the last frame of a segment and

the first frame of the following one. Other functions are fast data navigation and in-

spection, including the ability to directly overlay trajectories on the corresponding

raw data, and screening raw images frame by frame accompanied by a dynamic po-

sition marker along the trajectory. Also featured is zooming in and out on raw data

and trajectories, as well as removal of tracks that have defects caused, for instance,
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4. Dynamics of active actin-myosin networks probed by video particle
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by particles moving out of focus.

The particle tracking algorithm devised by Crocker and Grier [36] comprises sev-

eral steps. It is optimized for small and relatively well separated spherical particles.

The first step consists of a background removal operation using a filter that is a con-

volution kernel of the original image Aw(x, y), with a boxcar average over a region of

2w + 1 pixels:

Aw(x, y) =
1

(2w + 1)2
Σw
ij = −Aw(x+ i, y + j),

Aλn(x, y) =
1

B
Σw
ij = −Aw(x+ i, y + j)e

i2+j2

4λ2n ,

wherew is an integer larger than a single sphere’s apparent radius (in pixels) andB is a

normalization factor [36]. The boxcar average in Eq. (1) removes background contrast

gradients, while the Gaussian surface in Eq. (2) reduces random noise due to digiti-

zation, which typically has a correlation length λn ∼ 1 pixel [36]. In the BeadTracker

interface, LP (low pass, Gaussian filter) and HP (high pass, boxcar filter) parameters

control the noise removal, and a TH (threshold) parameter controls the thresholding

step (Fig. 4.2A red box).(
εx

εy

)
=

1

m0
Σi2+j2≤w2

(
i

j

)
A(x+ i, y + j)

where m0 is the integrated brightness of the sphere’s image, and the refined location

is (x, y) = (x + εx,y + εxy) [36]. The particle detection step (Fig. 4.2A blue box) in

BeadTracker uses as parameters Min (minimum particle size, which is 2-5 pixels de-

pending on the binning of the image and resulting apparent particle size) and Max

(maximum particle size, which is 5-11 pixels, also depending on the binning), Ratio

(representing the percentage of roundness of a particle, where a perfect sphere has a

Ratio of 100%, while elongated elliptical particles have a Ratio up to 150%) and COM

(center of mass, particles which have a center of mass that is off by more than 30-50%

from the real center of mass after position refinement will also not be detected).

The final step in the tracking procedure consists of connecting coordinates into

linked trajectories by evaluating criteria of proximity in space and time for each po-

sition detected [36]. The BeadTracker parameters to connect particle positions (Fig.

4.2B green box) include Len, which determines the number of frames a particle is al-

lowed to be absent, and Space which is the maximum distance allowed between con-

secutive particle coordinates. Here, Min (not to be confused with the parameter Min

for minimum particle size) is the minimal length of consecutive frames for a trajec-

tory to be accepted for the output file. The final particle trajectories were dedrifted by

subtracting the average displacement of all beads between two frames. We retrieved

a total of 965 trajectories for movie 1, 273 for movie 2, 593 for movie 3, and 246 for

movie 4.
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4.2.5 Automated microrheological analysis of active net-

works

To identify periods of directed active motion in single particle trajectories (Fig. 4.3A),

we computed instantaneous particle velocity components v(x, n) and v(y, n) from

particle tracking data as a function of time

Velocity components were smoothed with a moving average filter with a win-

dow size of 3 s, which spaces data equally on either side of a time point of interest.

Smoothed velocity components, 〈vx,n〉t and 〈vy,n〉t, were transformed into particle

translocation direction changes, ∆θn (Fig. 4.3B), using the relation

cos4θn =
〈−→vn〉t 〈

−−→vn+1〉t
|〈−→vn〉t| |〈

−−→vn+1〉t|
(4.1)

where 〈−→vn〉t =

(
〈vx,n〉t
〈vy,n〉t

)
is the direction of the window-averaged velocity vector at

frame number n. The differential angle, ∆θn , measures the straightness (or direc-

tional persistence) of particle motion. It is large if a particle exhibits random fluc-

tuations and it is small if a particle moves in a directed fashion. Time spans with

∆θn smaller than a threshold angle ∆θthr thus represent events of directed particle

translocation, which we term segments (Fig. 4.3C). We only considered segments

with a duration exceeding 8 s and which involved particle displacements larger than

0.5µm. These criteria were selected to prevent overly sensitive and hence erroneous

detection. We confirmed that zero segments were detected for particles embedded

in a passive control network devoid of myosin motors.

4.2.6 Statistics

Averages and standard deviations (error bars) reported in the bottom panels of Fig.

4.7 and 4.10-4.13 were calculated using the raw data shown in the corresponding top

panels. Statistical tests were performed in Origin 8 using students T-tests or ANOVA

tests.

4.3 Results

In this chapter we present a study of the dynamics of active actin networks with a

constant actin concentration (1 mg/mL) and crosslink density (0.1 mole% biotinylated

actin), and a constant ATP concentration of 0.1 mM which ensures processivity of the

motors. We tested two different myosin:actin molar ratios, namely 1:200 and 1:65.

Myosin was assembled into synthetic filaments with a mean length of 0.85µm, cor-

responding to 100 myosin molecules per filament (see chapter 2). We probed the
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Figure 4.3: Detection of events of active directed tracer motion in single particle trajecto-

ries. A. Bright field micrograph of a polystyrene bead embedded in an actin-myosin gel, with

particle track overlaid in blue (non-directed motion) and green/red (directed motions). B.
Definition of the differential angle, θn, which is the change in direction of particle motion be-

tween two subsequent frames of a movie. C. Thresholding of the differential angle to retrieve

time spans of directed motion, which are termed segments.
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network dynamics by embedding spherical probe particles, whose positions can be

automatically tracked with sub-pixel accuracy. The particles had a diameter of 2µm,

much larger than the average network mesh size, which is 300 nm [37].

4.3.1 Microscopic structure of actively coarsening actin-

myosin networks

To relate the origin of active fluctuations in the network to the underlying micro-

scopic structure, we performed confocal microscopy on fluorescently labeled actin-

myosin networks. We observed that different motor densities yield strikingly differ-

ent structural regimes. At low motor density (1:200 myosin:actin ratio), the samples

started off as homogenous networks of actin filaments (Fig. 4.1A, panel i, in red) with

randomly distributed myosin filaments (in green). However, the networks coarsened

within 20-60 minutes after assembly, forming dense foci of myosin surrounded by

actin shells (Fig. 4.1A, panel ii, myosin in green, actin in red). Within 90 minutes,

these foci were condensed into clusters with maximum sizes of 10-20µm (Fig. 4.1A,

scheme and panel iii).

At high motor density (1:65 myosin:actin ratio), the networks coarsened much

faster and on a larger scale. Within 2-5 minutes of sample preparation, there were

already myosin foci surrounded by actin (Fig. 4.1B panels i-iv), and already after

15 minutes these foci were clustered together (Fig 4.1B panels v-vi). At later stages

(30 minutes), the networks became highly inhomogeneous with dense regions of ac-

tomyosin that were at least 30µm in size (Fig. 4.1B, scheme and panels vii-x). In

this stage, contractility was no longer observed. In chapter 3 we propose a physical

mechanism to explain this motor-driven network coarsening, based on buckling of

the actin filaments under the forces applied by the myosin foci.

4.3.2 Macroscopic mechanical properties of active actin-

myosin networks

To characterize the bulk mechanical properties of the active networks, we performed

macroscopic rheology using a CP20-1 cone and plate geometry (see chapter 2).

Weakly crosslinked passive networks (no myosin, 1:1000 biotin-actin:actin) had a

small elastic modulus of only 0.4 Pa (Fig. 4.4A, black closed stars). The elastic mod-

ulus was frequency-independent, and larger than the viscous modulus (black open

stars) by about a factor of 5. This indicates that the network behaves as a weak vis-

coelastic solid. The elastic modulus of the crosslinked network (blue open triangle

in Fig. 4.4B i labeled No motor) was comparable to that of the corresponding un-

crosslinked networks (black open circle in Fig. 4.4B i labeled No motors). This indi-
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cates that the actin is only weakly crosslinked by biotin-streptavidin, in accordance

with the low density of biotinylated actin used.

Figure 4.4: Rheology of active actin networks. A. Dependence of elastic modulus G’, and

viscous modulus G”, on frequency, ω, at varying motor density, with 1:1000 crosslinks. B. i
G’ and ii loss tangent at ω=1 rad/s, as a function of motor density and crosslinking. Orange

inverted triangle represents active sample in the presence of 1 mM (±) blebbistatin (Merck

Chemicals, Nottingham, UK).

To test whether myosin itself can act as a crosslinker, we measured the influence

of myosin on the stiffness of uncrosslinked actin solutions (black circles in Fig. 4.4Bi).

Myosin increased the stiffness by only a factor of 1.5 at a myosin:actin ratio of 1:65.

This rather small increase suggests that the motors act as weak, transient crosslink-

ers (as expected in the presence of 0.1 mM ATP, where the attachment lifetime per

head is ∼ 50 ms (38)). Moreover, this observation suggests that there is no signifi-

cant contamination with myosin dead heads. For comparison, double-headed heavy

meromyosin subfragments at zero ATP, which enforces rigor conditions, caused a

much larger, ten-fold increase in G’ at a comparable myosin and actin concentration

[38].

We next tested the influence of myosin on the rheology of biotin-streptavidin

crosslinked actin networks. The motors increased the elastic and viscous modulus

two-fold over that of the passive network, as shown in Fig. 4.4A for myosin:actin ra-

tios of 1:65 (blue squares) and 1:200 (orange triangles). Fig. 4.4Bi summarizes the

elastic moduli of samples with different motor densities (blue triangles), again show-

ing little effect of the motors. The frequency dependence of the shear moduli was not

noticeably affected by the presence of myosin (Fig. 4.4A). The networks all behaved

91



4. Dynamics of active actin-myosin networks probed by video particle
tracking

as weak viscoelastic solids with a loss tangent on the order of ∼ 0.2, independent of

crosslinking or motor density (Fig 4.4B bottom). The rather modest effect of myosin

on network stiffness is somewhat surprising in light of the significant network rear-

rangement seen by confocal microscopy, especially at high motor density. Recent

simulations of active networks suggest that motors may cause substantial stiffen-

ing of actin networks by pulling out thermal slack or bends of actin filaments [39].

However, it is conceivable that the network structure is not sufficiently connected to

obtain a macroscopically measurable effect on the elasticity. Also, it is possible that

depletion of actin from the network to form dense condensates counteracts an in-

crease in the modulus of the network due to increased tension. We note that prior

studies of biotin-streptavidin crosslinked actin networks also report minimal stiffen-

ing by myosin II at > µM ATP levels [25, 35].

Finally, to test whether stiffening by myosin was dependent on motor activity, we

measured the shear moduli of an actin-myosin network in the presence of the myosin

ATPase inhibitor, blebbistatin [40]. Blebbistatin did not significantly change the stiff-

ness (Fig. 4.4B i, inverted orange triangle) nor the loss tangent (Fig. 4.4B ii, inverted

orange triangle). This indicates that there is no appreciable stiffening connected to

motor activity. We conclude that crosslinking and contractile activity of the motors

only minimally affects the bulk viscoelastic properties of the networks.

4.3.3 Particle trajectories in active networks

Probe particles in active networks having a low motor density were homogeneously

distributed throughout the network (Fig. 4.5A). This is consistent with the confocal

microscopy observations showing that these networks coarsen only on small length

scales, below 10−20µm. This homogeneous distribution is ideal for multiple particle

tracking. By contrast, probe particles in networks having a high motor density were

recruited into large particle clusters (Fig. 4.5B), which likely correspond to the large

actomyosin aggregates depicted in Fig. 4.1 vii-x. The particles clustered within 5

minutes, comparable to the formation time of large actin-myosin clusters observed

by confocal microscopy. This clustering hampers multiple particle tracking. For this

reason, we focus in the remainder of this chapter on the low motor density regime,

where the probe particles can be used to spatially map dynamics in the network by

multiple particle tracking.

To confirm the absence of non-specific interactions between the passivated

probes and the actin and myosin filaments, we performed confocal microscopy on

fluorescently labeled networks at low motor density. Actin/myosin foci formed (Fig.

4.5B, white arrows), but even at 2 hours after assembly, there was no accumulation of

either myosin (green) or actin (red) on the surface of the particles (Fig. 4.5B, particles
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Figure 4.5: Structure of fluorescently labeled actin-myosin networks crosslinked using

0.1 mole% biotinylated actin, with embedded passivated polystyrene particles. A. Bright field

image of the network at low motor density (1:200 motors:actin). Particles are homogeneously

distributed. Scale bar is 20µm. B. Confocal micrograph of homogenously distributed probes

in networks at low motor density (1:200 motors:actin) after 2 hours of sample preparation.

White dashed circle indicates the position of an unlabeled probe particle (which shows up

as a dark circular hole). Scale bar is 10µm. C. Bright field micrograph showing clustering of

probe particles in a network at high motor density (1:65 motors:actin). Scale bar is 20µm.

93



4. Dynamics of active actin-myosin networks probed by video particle
tracking

are visible as dark circular holes in the red actin background; example inside white

dashed circle). This confirms that the surface of the particles is nonadhesive and that

the particles are therefore suitable reporters of the network dynamics.

We recorded videos with a total duration of 90 minutes starting within 2 minutes

after sample preparation using sampling rates of 5 frames per second. We tracked

particle positions in four independently prepared samples, yielding a total of N=2077

trajectories. Any spurious trajectories, such as the example inset in figure 4.6A, were

manually removed from the final set of tracks. Trajectories of probe particles in a pas-

sive control network in the absence of myosin motors looked like compact, isotropic

clouds, as exemplified in Fig. 4.6A. This trajectory is typical of probe particles trapped

in an elastic network which confines thermal particle excursions. In comparison,

trajectories of unconfined particles suspended in the solvent were much wider (Fig.

4.6B). There was no evidence of any particle hopping between network pores, as ex-

pected given that the particle size exceeds the mesh size [18]. The trajectories of parti-

cles in active actin-myosin networks were qualitatively different from the trajectories

in passive networks. We observed two classes of trajectories in active samples. The

first class looked similar to trajectories in passive networks, confined and rather com-

pact (Fig. 4.6C). However, the second class of trajectories showed small fluctuations

interspersed with sudden large and clearly directed walks, departing from a given

position and often returning back, sometimes repeatedly, and in different directions

(Fig. 4.6D, blue arrows).

4.3.4 Automated segmentation of active particle trajectories

Since the confocal microscopy analysis showed that the actin-myosin networks ac-

tively coarsened during the first 30-60 minutes after preparation, we tested whether

the dynamics of the probe particles was dependent on sample age. To this end,

we performed automated segmentation of trajectories to distinguish active, directed

motion from smaller amplitude, random fluctuations. Note that random fluctuations

can be thermal in origin, but can also originate from motor-driven active fluctuations

[25, 41]. We selected directed trajectory segments by evaluating temporal changes in

the angle of the direction of particle movement between consecutive frames (see sec-

tion 4.2.5). The maximum accepted angle change between frames was±45◦. We fur-

thermore only accepted segments which involved displacements larger than 0.5µm

and had durations of at least 8 s.

Based on these criteria, we used the algorithm to quantify the frequency of events

of directed motion as a function of sample age. We divided the entire movie of 90

minutes into 18 bins of 5 minutes each. The number of active segments decreased

significantly with sample age, from N=1489 in the first 0-5 minutes after sample
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Figure 4.6: Probe particle trajectories reflect the dynamics of the embedding material. A.
Example trajectory of a microsphere (2µm diameter) embedded in a passive actin network

at 1 mg/mL crosslinked with 0.1 mole% biotin-actin and a 1:25 streptavidin to actin ratio. B.
Example trajectory of a microsphere (2µm diameter) in water. C and D: Two different exam-

ples of trajectories of microspheres (2µm diameter) embedded in a crosslinked active actin

network at 1 mg/mL with a myosin:actin ratio of 1:200. The bead in C shows only random

(though not necessarily purely thermal) fluctuations, whereas the bead in D shows 4 bouts of

sudden directed motion followed by recoil, indicated by blue arrows.
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preparation, to only 8 at 75-80 minutes after sample preparation. To compare dif-

ferent movies, the number of segments was normalized by the total tracked time (for

all particle trajectories in the bin). The thus obtained frequency of segments per time

and per bead showed a strong dependence on sample age for all four samples. In the

first 5 minutes after sample preparation, the frequency was ∼ 0.34 (Fig. 4.7, i). How-

ever, within 30 minutes, the frequency decreased to reach a constant value of ∼0.1.

The decay with sample age was exponential (red line in Fig. 4.7i). There was some dif-

ference in activity between the four movies, but all samples showed the same trend

with sample age. Interestingly, the time scale over which the activity drops to a low

and constant value is consistent with the time scale of network coarsening seen with

confocal microscopy. Apparently, the probe particles show the most activity while

the myosin motors still organize into clusters and condense the actin, whereas the

activity becomes infrequent when this coarsening process is complete.

The segmentation algorithm also returned the duration of active segments. This

duration did not show a clear dependence on sample age (Fig. 4.7, ii and iii). In

each bin, the duration varied between 5 and 36 s, with an average value of 6 s (Fig.

4.7, iii). This time scale is consistent with time scales on the order of seconds for

contractile fluctuations observed with spherical probe particles [25] or microtubules

[41] in other studies. This time scale indicates a rather large processivity time, much

larger than the attachment time of a single myosin motor, which is around 50 ms [42].

4.3.5 Ensemble microrheological analysis of active gels

We next tested whether the ensemble averaged dynamics of the probe particles dis-

played any signatures of non-equilibrium activity. For a randomly diffusing parti-

cle in a viscous liquid, the average displacement in a time t is zero, while the mean

squared displacement (MSD) increases linearly with time [21] as

〈MSD2〉 ∼ Dt (4.2)

where the brackets denote an ensemble average over all particles and D is the diffu-

sion coefficient. In contrast, a particle in a viscoelastic polymer network with a pore

size smaller than the particle diameter will exhibit subdiffusive motion [43]:

〈MSD2〉 ∼ Dtα, (4.3)

with a diffusive exponent α < 1. In active (non-equilibrium) systems, particles can

exhibit superdiffusive motion, characterized by an exponent α > 1. This type of mo-

tion has been reported for cargo particles in cells transported by motors along cy-

toskeletal filaments [6].
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Figure 4.7: Automated analysis of active trajectory segments. i Fraction of active segments

(number of segments normalized per bead and per unit of time) as a function of sample age.

Solid line is to guide the eye. ii Duration of active segments as a function of sample age. iii
Average duration of active segments as a function of sample age.
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In passive control networks, the MSD showed subdiffusive behavior, with expo-

nents α< 1 (Fig. 4.8A bottom). This scaling is characteristic of particles trapped in a

viscoelastic network, and is consistent with prior measurements on passive F-actin

[17, 18, 19, 44]. The exponent alpha was 0.3 in the first 10 minutes, and decreased to

0.2 for the remainder of the experiment.

Figure 4.8: Ensemble microrheological analysis of active and passive gels. A. Ensemble-

averaged mean squared displacement (MSD) of tracer particles in an active sample and B.
in a passive sample for different sample ages, as indicated in the legend on the right (time

in minutes). Dashed lines are power-law fits to the MSD to extract the diffusive exponent, α

(values of α at the beginning and end (90 min) of the experiment are shown in the graph.)

C. Exponent α as a function of sample age for all four samples examined in this study. D.
Non-Gaussian parameters (NGP) at a lag time of 10 s as a function of sample age. Solid lines

in panels C and D are to guide the eye.

The MSD of particles in active networks was strikingly different compared to pas-

sive networks, in particular during the first 25 minutes after sample preparation (Fig.
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4.8A top). In the first 10 minutes, the MSD was much larger than in the passive net-

work and it showed a diffusive exponent of 0.9. With increasing sample age, the MSD

became smaller and the exponent gradually decreased to reach a constant value of∼
0.2 at 25 minutes. After 25 minutes the MSD resembled the MSD in passive networks

(Fig. 4.8B). For the passive sample, α was slightly larger during the first 10 minutes

than in the rest of the movie, perhaps due to small initial sample rearrangements re-

lated to actin polymerization. In contrast, active samples started with an exponent

α between 0.8 and 0.95 during the first 10 minutes, and α subsequently decreased

to 0.2. Similar to the frequency of active motions counted by the segmentation algo-

rithm, the exponent α varies between the four different samples, but the dependence

on sample age is invariant. Interestingly, the time scale over which α decreases to

reach a value similar to that of the passive network again mirrors the time scale of

active network remodeling observed by confocal microscopy (Fig 4.1 i and ii).

The MSD only represents the second moment of the probability distribution of

particle displacements. It has been experimentally reported [25, 41] and proposed

on the basis of theoretical models [26] that non-equilibrium activity may also ap-

pear in higher-order moments of the distribution. To test for this in our data, we

considered the Van Hove distribution functions and calculated the fourth moment,

or kurtosis. The Van Hove function should be Gaussian for homogeneous samples

in thermal equilibrium. Non-Gaussianity can point to spatial or temporal hetero-

geneities [19], and to non-equilibrium activity [45]. In line with another recent study

on actin-myosin networks [45], we define a non-Gaussianity parameter, abbreviated

as NGP,

NGP =
k

3
− 1 (4.4)

where k is the kurtosis, or fourth moment of the distribution of particle displace-

ments, ∆x, in a lag time τ :

k =
〈δx(τ)4〉
〈(τ)2〉2

. (4.5)

For a Gaussian distribution, k = 3 so NGP should be zero [46]. Passive samples were

nearly Gaussian, with NGP close to zero (Fig. 4.9). In the first 10 minutes, the NGP

was slightly larger than zero, consistent with the observation that the diffusive ex-

ponent was slightly different from the exponent in later stages. This slight deviation

likely reflects inhomogeneities of the network related to network formation. In strong

contrast, active networks showed marked non-Gaussianity: the Van Hove distribu-

tions had large tails and the NGP were invariably larger than zero. The Van Hove

functions were unfortunately noisy, with tails that were not smooth. We speculate

that the large displacements observed in the tails may originate from displacements

of large areas of the sample, which we could observe by visual inspection of movies.

During periods of seconds to minutes, particles in the field of view were seen to col-
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lectively move in the same direction, often out-of-of focus. These large scale, col-

lective motions occurred sporadically and subsequent events occurred in different

directions indicating that they were not caused by sample drift. Such collective mo-

tion may increase the NGP. Note that the particle trajectories were dedrifted, so the

collective motion was probably to some extent smoothed out. We also observed that

the NGP sometimes showed an anisotropy between the x and y directions, which

may be a consequence of local heterogeneities (data not shown).

Figure 4.9: Van Hove distribution of particle displacements for an active (top) and a pas-

sive (bottom) sample at different sample ages, for a fixed lag time of 10 s. Lines are Gaussian

fits. Corresponding non-Gaussian parameters (NGP) are indicated in the upper right of each

graph.

Fig. 4.8D summarizes the NGP as a function of sample age for four different sam-

ples. The NGP values varied widely, between 0.1 and 35. There was a weak trend of

decreasing NGP with increasing sample age. For comparison, prior microrheology

studies of actin-myosin networks showed NGP values of up to 15 (lag time of 0.4 s)

with microtubule probes [41], and NGP values up to 2.5 (lag time of 10 s) with spher-

ical probe particles [45].

4.3.6 Single particle kymograph analysis

With the help of the automated segmentation procedure, we were able to quantify

the frequency of active, directed segments of particle motion in single particle tra-
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jectories. However, we did not yet automate the detailed analysis of particle motion

within active segments. In particular, we did not yet automate detection of particle

pauses or discrimination between translocation and relaxation events.

Instead, we resorted to kymograph analysis for a detailed analysis of the salient

features of active trajectories exhibiting long-distance directed motion. From videos

of actively moving probes such as shown in Fig. 4.10A, we constructed kymographs

along the approximate overall direction of particle motion using ImageJ. The result

is a projection of the change in position r over time t (Fig. 4.10B). For reference,

Fig. 4.10C shows the trajectory of the same particle in the xy-plane. The kymo-

graphs revealed several interesting features of active particle motion. Typically, we

observed that particles first moved in a directed manner into a particular direction

(which we denote as a translocation, T), occasionally experiencing stationary peri-

ods (S) of variable duration, and then abruptly moved back to their original position

(Fig. 4.10B). We denote this reversal feature as a relaxation (R). Some probe particles

simply halted and did not return back to their original position (Fig. 4.10D and E).

Interestingly, a number of particles displayed simultaneous active directed motions

that were either positively (Fig. 4.10F) or negatively (Fig. 4.10G) correlated in their

direction of translocation. From the kymographs, we manually extracted the dura-

tions of directed particle motion events, the distance D covered in these events, and

the velocity of directed motion v (see annotations for T, R, and S events in Fig. 4.10B,

zoom in/scheme).

The duration of translocations (T) varied between 0.5 and 20 seconds (Fig. 4.11A

top), with an average value of 3.9± 3.2 s. The duration of relaxation events (R) also

varied over a broad range, of 0.4 and 20 s. The average relaxation time of 2.3± 2.5 s

was slightly (but significantly) smaller than the translocation time (Fig. 4.11A bot-

tom). The duration of stationary periods (S) varied from 1 to 15 s, with an average of

3.3± 2.6 s. The total duration of active segments (sum of T, R and S) varied between 2

and 40 seconds (Fig. 4.11A, Total E) with an average of 11.1± 8.0 s. Some particles ex-

hibited repeated contractile fluctuations with pause times (P) between fluctuations

of∼ 20 s (Fig. 4.11A, P).

Since the ensemble averaged dynamics showed an evolution with sample age,

we tested whether the durations of active events were age-dependent. The average

translocation time (T) slightly increased with increasing sample age during the first

20 minutes, corresponding to the time period in which the network structure actively

coarsened (Fig. 4.11B). This increase was statistically significant (p = 0.027, ANOVA

test). However, the overall trend with increasing sample age was not clear. The vari-

ability in translocation time may reflect active evolution of the sample. The average

relaxation time (R) was independent of sample age (Fig. 4.11C). There was no obvious

correlation between translation and relaxation times (Fig. 4.11D).
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Figure 4.10: Bright field images and kymographs of directed motion of inert polystyrene

probes in active actin-myosin networks (1:200 myosin:actin). A. Sequence of micrographs

of particle probe undergoing a translocation and subsequent relaxation. Scale bar is 2µm .

B. Kymograph along the overall direction of particle motion corresponding to sequence A.

Green lines highlight translocations T, yellow line a stationary moments S, and relaxations

R are marked in blue. Zoom in Schematic drawing of different features in a kymograph. In

green, translocation periods T with a slope vT ; in blue, relaxation periods R with a slope vR;

in yellow, stationary periods S. Large white arrow represents maximum T displacement and

small white arrow represents maximum R displacement. C. Trajectory in the x,y plane cor-

responding to panel B. D. Sequence of micrographs of particle probe undergoing a translo-

cation without subsequent relaxation. Scale bar is 2µm. E. Kymograph corresponding to se-

quence C. F. Kymograph of three probes that move simultaneously in a positively correlated

fashion, though with different displacement amplitudes (red arrows). Inset Scheme of the

direction of motion of the probes in the xy-plane. G. Kymograph of two probe particles that

show several consecutive contractile fluctuations (red arrows). Inset Scheme of the direction

of motion of the probes in the xy-plane.
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Figure 4.11: Durations of active events detected in particle trajectories in active networks

by kymograph analysis. A. Top Distributions of durations for different kymograph features:

translocation (T), relaxation (R), stationary moments within an event (S), total event duration

(Total E) and pauses (P). Asterisks denote statistically significant differences (?? = p < 0.001,

student-T test). Durations of T and R are statistically different (p = 3 × 10−18). Bottom Aver-

age duration per analyzed feature. B. Top Distributions of translocation times as a function

of sample age. Bottom Average translocation time as a function of sample age, determined in

bins of 5 min. C. Top Distributions of relaxation times as a function of sample age. Bottom

Average relaxation time as a function of sample age. D. The translocation time is weakly cor-

related with relaxation time (data of the first 30 minutes pooled) with a correlation coefficient

R = 0.223 (p = 0.025).
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The displacements of particles during translocation (T) events ranged from 0.8 to

25µm with an average of 4± 4µm (N=74) (black bars in Fig. 4.12A). Interestingly, the

distribution of translocation distances depended on sample age. There were multiple

examples of large (5-25µm) excursions of probes during the first 10 minutes of sam-

ple aging, whereas afterwards the displacements were limited to a maximum of 5µm

(Fig. 4.12B top). The average displacement of particles after 15 minutes was around

2µm, independent of sample age (Fig. 4.12 bottom). This age dependence is con-

sistent with the confocal microscopy analysis of the network structure (Figure 4.3A),

which showed that large-scale coarsening occurred only in the first 30 minutes.

The displacements of particles during relaxations (R) showed a narrower distribu-

tion than the distribution of translocation distances, ranging from 0.6 to 9µm (N=61)

(red bars in Fig. 4.12A). The average displacement during relaxation was 2.2± 1.4µm,

which is significantly less than the average translocation displacement (p = 4× 10−9,

student T-test) (Fig. 4.12A). These data suggest that probe relaxation occurs to vary-

ing degrees. To quantify this statement, we calculated the percentage of return of a

probe to its initial position after a translocation. As illustrated in Fig. 4.12B, the per-

centage of return is defined as the ratio between the displacement during relaxation,

DR, and during translocation, DT :

Return = 100
DT −DR

DT
. (4.6)

A small percentage (14%) of particles returned to their original position, while about

half of the beads made an incomplete recovery and a small percentage (14%) did not

recover at all (Fig. 4.12C). On average, particles returned back by 70% of the translo-

cated distance. Note that some microsphere trajectories showed a circular-like mo-

tion on returning to the initial position instead of a straight walk back to the origi-

nal position. Probe relaxation may have two possible origins. On the one hand, it

may be a passive relaxation of the network, following detachment of the motors that

drive the initial translocation [27]. In this case, incomplete recovery points to some

irreversible, plastic deformation of the network [41]. On the other hand, relaxation

could also result from other motors pulling the network that the bead is confined in

into a different direction. There is some evidence that this occurs. While the major-

ity (∼ 85%, total N=72) of the probes moved back less than the original translocated

distance, a significant fraction of 14% of the particles moved back further than their

original distance (Fig. 4.12C). These overshoots may be caused by relaxation by an

active, motor-dependent mechanism.

Since we observed evidence of some plasticity, we investigated whether the per-

cent recovery in relaxation (R) was correlated with the distance over which probes

moved during the preceding translocation (T). As shown in Fig. 4.12D, the percentage

of return of the probes to their initial position showed a significant trend to decrease
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Figure 4.12: Maximum displacements in directed motion events and percentage of return

to initial position, obtained by kymograph analysis. A. Histogram of maximum displace-

ments during translocation (black) and relaxation (red). B. Top Distributions of maximum

displacement during translocations as a function of sample age. Bottom Average maximum

displacement during translocation as a function of sample age. C. Histogram of the percent-

age of return to initial position, where 100% (dashed grey line) represents full recovery. D.
Maximum displacement T is significantly anticorrelated with the percentage of return to ini-

tial position during the first 30 minutes after sample preparation, with a correlation coeffi-

cient R = −0.57 (p = 4× 10−7).
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with increasing translocation distance. The decrease may be fitted by a power law

with exponent of -0.5 (indicated by the line). Thus, large displacements of the probes,

which occurred during the first 10 minutes after sample preparation, tended to show

a certain degree of irreversibility, whereas beads displaced over smaller distances

tended to recover their initial position or even move back beyond their original po-

sition. These data suggest that during the first 10 minutes after sample preparation,

network coarsening is accompanied by large, irreversible rearrangements, whereas

afterwards only smaller, reversible bead displacements occur.

Finally, we computed the velocities at which the particles moved during translo-

cation and relaxation. Velocities during translocation and relaxation were compa-

rable. The average velocity during translocation was 0.8± 0.6µm/s (N=78), slightly

but significantly (p = 4 × 10−19, student-T test) slower than the velocity during re-

laxation, which was 1.0± 0.6µm/s (N=65) (Fig. 4.13A). These values are comparable

to velocities of actively contracting myosin foci in reconstituted actin-myosin net-

works, and also in vivo (see Table A.3 in appendix A). These velocities are slightly

smaller than the unloaded translocation speed of actin filaments on myosin-coated

substrates in motility assays [47]. The velocities of translocation (Fig. 4.13B) and of

relaxation (Fig. 4.13C) were independent of sample age. This is reasonable in view of

the macroscopic viscoelastic properties of the networks, which appeared to be rather

insensitive to the presence of myosin (Fig. 4.4). There appears to be a small positive

correlation of relaxation velocity with translocation velocity (Fig. 4.13D).

4.3.7 Automated analysis of active collective particle behav-

ior

We occasionally observed correlated motions of multiple beads, as exemplified by

the kymographs in Fig. 4.10. Sometimes, multiple beads were synchronously translo-

cated in the same direction and synchronously recoiled (Fig. 4.10F). Also, sometimes

two beads moved towards one another and then relaxed back; sometimes a bead

pair experienced multiple contractile fluctuations (Fig. 4.10G). The contractile fluc-

tuations are reminiscent of contractile fluctuations seen in actin-myosin networks

crosslinked by biotin-streptavidin at low (µM ) ATP [25].

To quantify the frequency of these correlated directed motions, we implemented

an automated recognition algorithm by looking for temporal overlaps of active seg-

ments in the trajectories of probe beads (Fig. 4.14A). We define an overlap as two

pieces of segments which occur simultaneously, with the criterion that the time

shared by the two segments is at least 0.8 s. Furthermore, we require that the overall

direction in which either particle moves during the overlap must not deviate by more

than ±20◦ from the line connecting their positions at the beginning of the overlap
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Figure 4.13: Velocity of directed particle motion from kymograph analysis. A. Histogram

of velocities of translocation (black) and relaxation (red). B. Top Distribution of velocities of

translocation as a function of sample age. Bottom Average velocities of translocation during

the first 30 minutes after sample preparation. C. Top Distribution of velocities of relaxation as

a function of sample age. Bottom Average velocities of relaxation during the first 30 minutes

after sample preparation. D. The velocity of relaxation is significantly correlated with the

velocity of translocation (data shown for first 30 minutes), with a correlation coefficient R =

0.46 (p = 2× 10−4).
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(Fig. 4.14A). In analogy to the normalized fraction of segments per time and per bead

(see section 4.3.4), we defined a normalized fraction of overlaps in a given time span

as the summed durations of detected overlaps normalized by the total tracked time

of all particles in this time span.

Figure 4.14: Automated analysis of collective directed motion of particles in actin-myosin

networks. A. An overlap is defined as a pair of segment fragments (red lines) occurring simul-

taneously for a minimum time of 0.8 s, with the overall directions of movement relative to the

connection line, θ1 and θ2, both falling below ±20◦. B. i Fraction of overlaps, normalized by

time and per bead, as a function of sample age. ii Distribution of duration of overlaps as a

function of sample age (N=4 samples). iii Average duration of overlaps.

During the first 5 minutes after sample preparation, the fraction of overlaps (nor-

malized per time and per bead) was around 10 overlaps per second per bead (Fig.
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4.14B i). With increasing sample age, the fraction of overlaps decreased, reaching

a constant, low value of ∼0.1% after 20 minutes. The absolute number of detected

overlaps decreased from N=1765 at 0-5 minutes to zero at 35-40 minutes after sample

preparation. Thereafter, overlaps were detected only occasionally. There was varia-

tion in the frequency of overlaps in the four different samples, but the dependence on

sample age was similar for all samples. Interestingly, this decrease of the frequency

of overlaps within 20 minutes mirrors exactly the decrease in the frequency of active

segments (Fig. 4.7 i), and the decrease in MSD, diffusive exponent and NGP in the

ensemble averaged dynamics (Fig. 4.8). Moreover, the decreased frequency is cor-

related with the confocal observations of the network structure, showing that active

coarsening occurred only during the first 30 minutes and then reached steady state

(Fig. 4.1, top). This correlation suggests that collective directed motion of particles

occurs mainly when the sample is still actively coarsening. The duration of overlaps

ranged between about 1 and 10 seconds, as shown in figure 4.14B ii. The average

duration was 6 seconds, and did not appear to depend on sample age (Fig. 4.14B iii).

To distinguish positively correlated motion from negatively correlated motion, we

projected the velocities of two particles which had an overlap onto the line connect-

ing the starting positions of the particles at the beginning of the overlap (Fig. 4.14A).

If the time-averaged product of the projected velocities was positive (negative), the

particle motion was considered positively (negatively) correlated. To test whether

the negatively correlated motions were associated with a contractile event, we addi-

tionally measured whether the separation distance between the particles decreased

during the overlap, by calculating the difference between the separation at the start

and the end of the overlap. We visualized the spatial distribution of correlated activ-

ity by overlaying detected overlaps as lines connecting the particles onto bright field

images of the entire field of view.

Figure 4.15 shows the outcome of this analysis for two movies, each having a du-

ration of 90 minutes, of samples that differed greatly in the number of detected over-

laps. Red lines represent particle pairs that show negatively correlated motion, while

green lines represent particles pairs with positively correlated motion. The more ac-

tive sample (Fig. 4.15B) shows 1634 overlaps, of which 862 are negatively correlated

and 772 positively correlated. About half of the negatively correlated overlaps involve

contraction, where the separation distance between the beads decreases during the

event. The less active sample (Fig. 4.15A) shows only 19 overlaps, of which 8 are neg-

atively correlated (6 involve a contraction) and 11 positively correlated. The separa-

tion distance of particle pairs with correlated motion can be quite large, occasionally

spanning nearly the entire field of view. There is no clear spatial localization of over-

laps. However, the localization may depend on sample age, which we did not yet test.

There is no clear evidence of more than two beads moving together, but this issue
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still merits a more detailed analysis. In addition, we plan to analyze the distribution

of separation distances of beads exhibiting correlated motion as a function of sam-

ple age. We sporadically observed by visual inspection of the movies that large areas

of the sample moved collectively. This collective motion was (partly) taken out by

dedrifting the particle trajectories. A careful analysis of these large scale collective

events and how they influence overlaps is still required.

4.4 Discussion

In this chapter, we studied dynamics in active actin-myosin networks at a 1:200

myosin:actin molar ratio. We focused on actin networks of 1 mg/mL that were weakly

and isotropically crosslinked by biotin-streptavidin. With confocal microscopy, we

observed that the motors actively coarsened the networks to form dense actomyosin

condensates with sizes of 10-20µm. On larger scales, the networks remained rather

homogeneous. Network coarsening proceeded over a period of 30 minutes after sam-

ple preparation. After 30 minutes, the network structure appeared to have reached a

steady state (Fig. 4.1, low motor density). Despite the microscopically heterogeneous

network structure, the bulk elastic modulus was minimally changed as compared to

passive networks having no motors (Fig. 4.4). The stiffness was increased by a factor

1.5, likely due to transient crosslinking by the active motors. This extent of stiffening

is consistent with observations in similar systems [25, 35]. To probe the motor-driven

active dynamics in the networks, we performed video particle tracking microrheol-

ogy of embedded spherical probe particles. The particles were homogeneously dis-

tributed in the network at low motor density throughout the entire 90 minutes dura-

tion of the assay, permitting spatiotemporal mapping of network dynamics. In con-

trast, at higher motor density (1:65), the particles were rapidly contracted into large

clusters (Fig. 4.5B), likely corresponding to the large condensed actin-myosin struc-

tures seen by confocal microscopy in Figure 4.1 (high motor density). This clustering

obstructed multiple particle tracking analysis. We therefore analyzed only particle

motion in samples of low motor density. We obtained data for 4 different samples,

which showed similar dependencies on sample age, but differed somewhat in the

degree of activity, as evident from the ensemble averaged MSD and the frequency of

directed motion events in single particle trajectories.

4.4.1 Ensemble averaged particle dynamics

The ensemble averaged motion of the probe particles revealed striking differences

between active networks (with myosin) and passive networks (without myosin).

Beads in passive networks showed subdiffusive motion characterized by a diffusive
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Figure 4.15: Spatial distribution of correlated directed motion of particle pairs during a 90

min observation time. Overlaps are represented as lines (green: positively correlated motion;

red: negatively correlated motion) connecting particle locations (circles). A. Sample display-

ing moderate activity, very few overlaps. B. Sample displaying high activity, high density of

overlaps. Both samples contain 1mg/mL actin and a ratio of 1:200 motors:actin)
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exponent of 0.2. Beads in active networks also showed subdiffusive motion, but in

the first 30 minutes after sample preparation the MSD was much larger than in pas-

sive networks (Fig. 4.8B). The diffusive exponent showed a distinct dependence on

sample age, decreasing from 0.9 at early times to 0.2 within about 30 minutes (Fig.

4.8C). Interestingly, this decay time mirrors the time dependence of the active coars-

ening process observed by confocal microscopy. The diffusive exponent is enhanced

compared to passive networks during the first 30 minutes, in which the motors are

actively coarsening the network. The exponent becomes comparable to that of pas-

sive networks once the network structure has reached a steady state.

It was previously shown that signatures of motor activity in actin networks can

also be visible in higher order moments of the distribution of particle displacements.

In particular, microrheology with beads and microtubules showed evidence of pro-

nounced non-Gaussianity in the Van Hove correlation functions [41]. To test for non-

Gaussianity, we computed Van Hove functions at a lag time of 10 s, and analyzed

the dependence on sample age. Again, we observed striking differences between ac-

tive and passive networks. Van Hove functions were Gaussian for passive networks,

whereas they showed pronounced tails for active samples observed within 30 min-

utes after sample preparation. For active samples older than 30 minutes, the Van

Hove functions were more Gaussian. We quantified the non-Gaussianity by a non-

Gaussianity parameter NGP) which is zero for a Gaussian distribution. The NGP was

less than 0.1 for passive networks, wheras it had large positive values for active net-

works, in particular in the first 30 minutes after sample preparation (Fig. 4.8D). This

age-dependence is consistent with the finding that the MSD significantly deviates

from the MSD in passive networks only at early stages.

In combination, microrheology data and confocal imaging suggest that devia-

tions in the ensemble averaged MSD in active networks compared to passive net-

works are only obvious while the network is coarsening. However, detailed analysis

of single particle trajectories showed that there were still particles exhibiting clearly

non-Brownian, directed motion after 30 minutes (Fig. 4.7i). Apparently the frequency

of these events is too low to show up in the ensemble averaged dynamics. This indi-

cates that an ensemble averaged analysis may miss infrequent, nonthermal events.

It is therefore useful to complement ensemble analysis with a single particle trajec-

tory analysis. The decreasing frequency of active directed motion when the samples

age is likely a consequence of the accumulation of myosin motors in clusters. At

early times, the motors are homogeneously distributed, and can be modeled as force

dipoles distributed throughout a homogeneous and isotropic network of actin fila-

ments [27]. After 30 minutes, the motors are concentrated in large clusters that are

widely separated. Once these clusters have condensed the surrounding actin into a

dense shell, there does not appear to be much remaining contractile activity. The
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motor density in the network inbetween the large clusters is strongly reduced com-

pared to the intial density. Therefore, there are only sporadic, contractile events at

late times, which are probably caused by remaining myosin filaments not incorpo-

rated in clusters.

The diffusive exponent of the MSD in the most active samples at early times is

∼ 0.9. This value is close to values of ∼1 observed in earlier microrheology work on

actin-myosin using rod-like microtubule probes [41]. Moreover, this value is con-

sistent with diffusive exponents observed in some cases in cells, where endogenous

[3, 5, 6] or exogenous probe particles [8, 13] were tracked. However, there are also

observations of superdiffusive motion, in reconstituted actin-myosin networks bun-

dled by fascin [32], and also in cells [3, 3]. Theoretical models of contractile force

dipoles in an elastic background material provide a rationale for apparent diffusive

(exponent 1) motion driven by motors [27, 41]. The force dipoles build up tension

during a processivity time window, followed by sudden release and active relaxation

of the built-up tension.

4.4.2 Elucidating the spatiotemporal activity with single par-

ticle analysis

To investigate the origin of the non-equilibrium signatures in the ensemble averaged

dynamics of beads in active samples, we inspected single particle trajectories. We

implemented an automated segmentation of particle trajectories to distinguish seg-

ments of directed motion from otherwise nondirected (random) motion. This anal-

ysis revealed a striking dependence of directed motion events on sample age: the

frequency of events per bead and per unit of time decreased from 30% in the first 5

minutes after sample preparation, to∼0.1% over a time period of 30 minutes. Again,

this time scale matches the time scale of active coarsening observed by confocal mi-

croscopy.

As explained above, single particle trajectory analysis appears to be more sen-

sitive to active, nonthermal motion than ensemble analysis. Moreover, the single

particle analysis permits a detailed analysis of the characteristics of directed motion

events. In the first 10 minutes after sample preparation, beads showed large, up to

25µm, translocations. Translocations were usually (90% of the cases) followed by a re-

laxation back to the original position. However, this recovery was often incomplete,

especially when the original translocation distance was large (Fig. 4.12D). After 10

minutes, translocation distances were smaller (with a maximum of 5µm), and more

reversible. These observations suggest that active coarsening of the network, which

occurs within 30 minutes after sample preparation, is accompanied by large scale, ir-

reversible network displacements. Once the network structure has reached a steady
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state, isolated myosin filaments in regions of the network in between actomyosin

condensates still occasionally drive active directed motion of beads.

We performed a qualitative analysis of correlated motion of particles by identify-

ing overlaps of active segments of directed particle motion in single particle trajecto-

ries. We mainly observed correlated motion during early times (<10 minutes) after

sample preparation. Roughly 30-50% of these overlaps involved anticorrelated, or

contractile motion, where the beads moved towards one another. Negatively corre-

lated motion is a signature of non-equilibrium motor activity, since it is not expected

in thermal equilibrium [25]. Correlated motion occurred with large separations be-

tween particles. There was relatively little correlated motion for particles that were

close together. This qualitative observation is consistent with a prior study where

bending fluctuations of microtubules were observed in actin-myosin networks [41].

It was reported there that there was little correlation between myosin-driven bending

in closely spaced microtubules. We found similar behavior when we observed fluo-

rescently labeled microtubules in our networks (Fig. 4.16). We observed occasional

short wavelength bending of microtubules, apparently caused by a local contraction

of the network by a myosin filament. This activity was highly localized.

Figure 4.16: Taxol stabilized microtubules probe local force fluctuations in active actin-

myosin networks. Sequence of fluorescent micrographs of an Alexa488 labeled microtubule

embedded in a dark actin network in the presence of myosin thick filaments. Grey arrow

points to local bend in MT probe, white arrow points to straight MT in the vicinity that does

not fluctuate. Scale bar is 5µm.

Our microrheology analysis shows that motor-driven active dynamics in actin

networks depends on the temporal evolution of the network structure. It will be inter-

esting to extend existing continuum models of active gels that model myosin motors
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as non-interacting force dipoles in a purely elastic medium [27, 29] to account for the

heterogeneous and time-dependent structure of the networks. A realistic model of

actin-myosin gels will need to take into account that the myosin is not present only

as individual bipolar filaments, but that the myosin distribution evolves over time,

eventually resulting in large foci. These foci interact with many actin filaments of

random polarities at the same time, making the interaction very different from the

idealized situation of a bipolar filament interacting with two actin filaments of oppo-

site polarity.

It will also be very interesting to relate the non-equilibrium dynamics observed in

our minimal actin-myosin system to the non-equilibrium dynamics reported for cells

[5, 10, 12, 13, 14, 15, 16, 48]. It is currently difficult to distinguish non-equilibrium

activity resulting from active transport of probe particles along the actin and micro-

tubule cytoskeleton by motors (myosins or kinesins) from active particle motion re-

sulting from myosin-II driven contraction of the actin cytoskeleton. We believe that

it will be fruitful to combine an analysis of the ensemble averaged dynamics (MSD

and non-Gaussianity) with an analysis of single particle trajectories.

4.5 Conclusion

We have systematically quantified the dynamics of active actin-myosin networks at

low motor density and related these dynamics to the motor-dependent structural

evolution of the network. We showed that the motors actively coarsen the network to

form large actomyosin condensates, and that this coarsening is reflected in a time-

dependence of the probe particle dynamics. Coarsening is accompanied by large

scale, active, directed motion of the probe particles, which is evident in single par-

ticle trajectories and shows up as deviations of the ensemble averaged MSD and

Van Hove correlation function from thermal equilibrium. It will be interesting to ex-

tend theoretical models of actin-myosin networks to account for the time-dependent

spatial heterogeneity of these networks. Moreover, this coupling between dynamics

and structure may be relevant for interpreting microrheology measurements in living

cells.
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