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ABSTRACT One of the central functions of actin cytoskeleton is to provide the mechanical support required for the
establishment and maintenance of cell morphology. The mechanical properties of actin filament assemblies are a conse-
quence of both the available polymer concentration and the actin regulatory proteins that direct the formation of higher order
structures. By monitoring the displacement of well-dispersed microspheres via fluorescence microscopy, we probe the
degree of spatial heterogeneity of F-actin gels and networks in vitro. We compare the distribution of the time-dependent
mean-square displacement (MSD) of polystyrene microspheres imbedded in low- and high-concentration F-actin solutions,
in the presence and absence of the F-actin-bundling protein fascin. The MSD distribution of a 2.6-uM F-actin solution is
symmetric and its standard deviation is similar to that of a homogeneous solution of glycerol of similar zero-shear viscosity.
However, increasing actin concentration renders the MSD distribution wide and asymmetric, an effect enhanced by fascin.
Quantitative changes in the shape of the MSD distribution correlate qualitatively with the presence of large heterogeneities
in F-actin solutions produced by increased filament concentration and the presence of actin bundles, as detected by confocal
microscopy. Multiple-particle tracking offers a new, quantitative method to characterize the organization of biopolymers in
solution.

INTRODUCTION

Changes in cell migration, morphology, adhesion, and Similarly, the structure of an actin filament network in
growth depend on the dynamic reorganization of the actirvitro determines its viscoelastic properties: the stiffness of a
cytoskeleton, a highly integrated array of interconnectedsemidilute solution of filamentous actin (F-actin) is propor-
filament assemblies (Lauffenburger and Horwitz, 1996).tional to the inverse of the entanglement length (Morse,
Actin regulators direct the assembly of complex structuresl998a). Polymer models (Morse, 1998a,b,c; Gittes and
(Small et al., 1999), including focal adhesions (Tamura etMacKintosh, 1998; Isambert and Maggs, 1996; Kroy and
al., 1998), dendritic actin networks at the cell’s leading edgd-rey, 1996), which correctly predict this result, implicitly
(Svitkina and Borisy, 1999), stress fibers (Furukawa andassume that the solution mesh size is uniform. This assump-
Fecheimer, 1996), lamellipodia (Mitchison and Cramer,tion has been validated for un-cross-linked F-actin at equi-
1996), and filipodia (Miki et al., 1998). Depending on the librium (Morse, 1998a); however, such an assumption may
type of cell and tissue, the organization of these differenfiot be correct for F-actin networks with quenched disorder,
actin assemblies may be controlled by extracellular ligand§uch as those created by cross-linking and/or bundling pro-
such as growth factors and hormones (Hall, 1998; Clark anéeins during gelation. Local variations in the mesh size of
Brugge, 1995), by the chemical and physical nature of théhe F-actin network may result in global effects on its
extracellular matrix (Hynes, 1989; Palecek et al., 199gViscoelastic properties. Even in the absence of actin-binding
Pelham and Wang, 1997), and by mechanical forces such &oteins, solutions of F-actin may display large, local vari-
those exerted by blood flow (Konstantopoulos and Mcm_ation; of microstructgre. For instance, in t'he early phase of
tire, 1996). These various actin assemblies ultimately modd€lation, the non-uniformity of the F-actin network may
ulate the viscoelastic properties of the cytoplasm, whicH@use the slow increase of the global stiffness of F-actin
regulate cell-shape changes to allow for cellular activitied?®€tWork until the mesh size becomes more uniform (Xu et

such as cytokinesis and cell locomotion (Janmey, 19982 19983)'_ _ L
Luby-Phelps, 1993). The spatial arrangement of actin polymers in vitro is

often assessed by electron microscopy (EM) or fluorescent
microscopy (Mullins et al., 1998; Carlier et al., 1997). EM
has been used extensively to probe the helical structure of
Received for publication 22 December 1999 and in final form 22 Apl’il individua| actin filaments in both the presence and absence
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as 2 uM, lower than those necessary to make a F-actin We track a large number of individual fluorescently-
solution elastic £5 uM) (Palmer et al., 1999) and much labeled microspheres to quantify the spatial organization of
lower than physiological concentrations of actis200—  F-actin solutions. The distribution of particle displacements
300 uM). Moreover, EM often requires invasive staining of showed a significant dependence on the types of actin
the specimen, which may affect macromolecular interacstructures present in solution. We found that in addition to
tions and influence filament organization and does not predifferences in the magnitude of the ensemble-averaged
serve the organization of the network upon buffer evaporaMSD, the MSD distributions for a large ensemble of probed
tion during specimen preparation. The integrity of the actinmicrospheres were similar for a glycerol solution and a
network can be preserved by freeze etching and/or sectiohow-concentration F-actin solution, but qualitatively differ-
ing, but a quantitative method to extract the network’sent from a high-concentration F-actin solution and a solu-
degree of heterogeneity from EM images has yet to bdion of bundled F-actin. The implementation of image-
implemented. processing software allowed for fast, convenient, and
Fluorescence microscopy permits the study of actin fila-guantitative multiple-particle tracking (MPT) measure-
ments in an aqueous environment, and therefore better pr81€nts. These MPT studies provide a strong complement to
serves the three-dimensional nature of an F-actin networkraditional biophysical methods (rheology, microscopy,
However, the limited spatial resolution of light microscopy spectroscopy, and light scattering) for the characterization

does not allow for the examination of the heterogenehity o’ the properties of actin filament networks in vitro. This

a concentrated solutions of overlapping polymers (Kas eg;]for.mafuon beg;]ns o p:(owd.e tfqe baS|sf for understanding

al., 1996). Diffraction-limited images of fluorescently la- 1€ In Vivo mechanics of actin filament function.

beled actin flaments and bundles containing few filaments

are indistinguishable. Therefore, although fluorescence mMiMETHODS AND MATERIALS

croscopy can readily detect the presence of large actin . .

bundles and aggregates in concentrated solutions, it is uf.rotein preparation

suitable to quantify the spatial organization and internalunless specified, all reagents were purchased from Sigma (St. Louis, MO).

structure of an actin filament network. Actin was purified from chicken skeletal acetpne powder by the method of
We describe an approach that monitors the displacemen&o“dmh and Watt (1971), followed by gel filtration on Sephacryl S-300
f | bl f individual Il-di d mi HR (MacLean-Fletcher and Pollard, 1980). The purified actin was stored as

U arg_e ensembie orin 'V'_ ug_ Wy |sper_se MICIO- ez actin in continuous dialysis at 4°C against buffer G (0.2 mM ATP,

spheres in a concentrated actin filament solution to asse$s mm dithiothreitol (DTT), 0.2 mM CaG) 1 mM sodium azide, and 2

the degree of heterogeneity of that solution. Recent admM Tris-Cl, pH 8.0). The actin used in these studies was never frozen and

vancements in microscopy spectroscopy and image prduas used within 5 days after preparation (Xu et al., 1998b). The final actin

. . . concentration was determined by ultraviolet absorbance at 290 nm, usin
cessing allow for the displacements of particles to be y g

. . . . ) : an extinction coefficient of 2.6& 10* M~ *cm™* and a cell path length of
tracked in solution with sub-micron resolution. For instance,; ¢m. MG -actin filaments were generated by adding 0.1 volume of 10-X
diffusing wave spectroscopy (DWS) probes the motion ofkKMEI (500 mM KCI, 10 mM MgCl, 10 mM EGTA, 100 mM Imidazole,
several thousands of particles simultaneously with subpH 7.0) polymerizing salt buffer solution to 0.9 volume of G-actin in buffer G.

; ; ; Human fascin was expressed as a glutathione s-transferase (GST) fusion
nanpmeter spatlal resolution and microsecond temporal re?J-sing pGEX2T (Amersham Pharmacia, Piscataway, NJ) ifcduherichia
olution (Palmer et al., 1998b, 1999). DWS allows for the coli strain JR600. Cultures were grown at 37°C to ansQDf 0.6. After
collection of very low-noise mean-square displacementooling to 25°C, 1 mM isopropyg-o-thiogalactopyranoside was added and
(MSD) spectra, from which rheological data can be genergrowth continued overnight. Cells were harvested by centrifugation, washed
ated over a wide frequency range. However, much im‘orma‘-"’ri]th PIBS,harlwd h[esufﬁenqu "(‘: FI’IBS Contgﬁ”ing 1d T)'V' DTT and 0-2d mhM

. . S phenylmethylsulfonyl fluoride. Cells were disrupted by sonication and the
tion is lost because DWS measurements are mmnsma"){/sate clarified by centrifugation in a SS-34 rotor (Sorvall, Newtown, CT) at
ensemble-averaged, and hence, cannot be used to measy@oo rpm for 20 min. The lysate was applied to a glutathione-Sepharose
the MSD distribution. Single-particle tracking, using either column equilibrated in PBS containing 1 mM DTT (PBS/DTT). The column
video-enhanced light microscopy (Mason et al., 1997a) orvas washed extensively and the fusion protein eluted with 10 mM glutathione,

; . 50 mM Tris, pH 8.0, 1 mM DTT, and 0.1 M NaCl. The fusion protein was
laser deflection (Mason et al., 1997b; Gittes et al., 1997blialyzed against PBS/DTT and fascin was liberated from glutathione S-

Schnurr et al, 1997)’_ has_ been an foec_tlve approach tflq"ansferase by cleavage with thrombin, followed by glutathione-Sepharose
measure the lateral diffusion of proteins in plasma mem-<chromatography. The fascin was dialyzed against 10 mM Tris and 1 mM DTT,
brane (Kusumi and Sako, 1996; Edidin et al., 1991) and theH 8.0, and applied to a DE52 column that was developed with a linear
local microrheology of cytoplasm and plasma membrane Ogradient of 0 to 70 mM NaClin 10 mM Tris, pH 8.0, and 1 mM DTT. Purified
livina cells (Lee et al.. 1993: Yamada et al.. 2000). Becaus fascin was dialyzed against 10 mM Tris, pH 8.0, 10 mM NaCl, 30 mM KCl,
Iving ( . -al., )- US®.1 mM EDTA, and 1 mM DTT and stored at70°C.

single-particle tracking monitors the displacement of one

microsphere at a time, it is a relatively inefficient and

time-consuming method for the generation of ensembleGlycerol and actin solutions

average MSDs and MSD distributions over a whole specCingueous (1% vol water) solutions of glycerol and a bead stock solution
men (Qian et al., 1991). (Bioclean beads, 1.04m mean diameter, 1% Solids, Duke Scientific, Palo
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Alto, CA) were combined and homogenized by vortexing the solution for ~ We ensured that the shape of the MSD distribution was independent of
15 min. The solution was allowed to equilibrate overnight at 4°C. Forbead size by conducting MPT measurements with probing beads of various
experiments in actin, a homogeneous solution of beads was added to thead diameters (1.2m, 0.85um; data not shown). It is important to note
actin solution and was briefly vortexed, followed by the addition of 10-X that the diameter of the beads used in the experiments was larger than the
KMEI to induce polymerization. The solution was allowed to gel overnight mesh size of the actin solution (Luby-Phelps et al., 1987; Jones and
at 4°C. MPT measurements described below were found to be independehtiby-Phelps, 1996). Hence, for the scales smaller than 1000 s, our particles
of gelation time afte 6 h for actin solutions in the absence of fascin, in did not percolate through the network, as the displacements of the probing
agreement with published rheological measurements that show that thmicrospheres were found to be equal or smaller than the microsphere
F-actin solution is equilibrated aft&6 h (Xu et al., 1998a). The same diameter (see Results and Discussion). We also found that the viscoelastic
protocol was followed for the actin solutions with fascin, but, following properties of F-actin gels calculated from MSD measurements and mea-
published protocols (Sasaki et al., 1996), the solution was allowed tcsured directly by rheometry were similar (Palmer et al., 1999; see Results).
incubate at 4°C for 8 days so as to probe the solution at equilibrium.  This strongly supported the assumptions that beads interacted only steri-
cally with F-actin and that polystyrene microspheres did not induce the
formation of a depletion zone in the microsphere vicinity.

Sample holder assembly and data collection

Twenty microliters of sample were loaded into PC20 CoverWwell (Graceconfoca| fluorescence microscopy

Bio-Lab, Eugene, OR) and carefully covered with a glass coverslip to

avoid trapping any air bubbles. The self-sealing assembly was furthe;rq prepare F-actin for fluorescence microscopy jd@f 6.6 M rhoda-

sealed with quick-drying boat sealer and then attached to a glass micromme phallo!dln (Molecular Probes, Eugene, OR) in methanol was depos-
. ) ) ited on a microscopy PC20 CoverWell chamber and allowed to dry for 1
scope slide with double-sided tape. The sample holder was loaded onto &

Nikon upright epifluorescence microscope with 200il-immersion lens Eocl:r'lgr;sl\xohl/lung? Oioliﬂ/éi{rﬂxorleosgi?&eﬁ?er (ionta|_||n|7ng 500 ml\l/:
(N.A. 1.3; Nikon, Inc., Melville, NY). The sample was maintained at room 1 M DTT 0?[8 ’ /mi catal ’1 /mial Idazo e'fjp ' ),dagowe ml
temperature fo2 h toallow the system to come to equilibrium and the gel as 016 mgimi catalase, 1 mg/mi glucose oxidase, an mgim

to completely relax. This was confirmed, before the characterization ofglucose’ was added to 9 volumes of actin solution to polymerize actin and

each sample, by tracking particles for 1000 s and checking for a net motioﬁeduce photobleachlng. of thodamine _pha]lmdm. The coverslip was

) S mounted on a glass slide, and polymerization was allowed to proceed
of the particles over this time interval. Once the sample had relaxed, the ioht. S | b d with a Nikon PCM 2000 | .
trajectories of particles were recorded using a VE-1000 SIT Camerg /eIt Samples were observed with a ikon aser-scanning

(Dage-MTI, Michigan City, IN) mounted on the microscope and a digitizer confocal system attached to a Nikon TE300 inverted microscope using a

board (Data Translation, Marlboro, MA) installed in a PowerMacintosh lOtO>; gll—(l)mmersmn objec;tlved(!\I.A. ]."3)' Téventyt;)_ptlzatl secnonst sepa-
7200 computer (Apple Inc., Sunnyvale, CA), as described (Leduc et al.,ra ed by’ '5’_Lm Were captured in series and combined o generate maxi
um projections of the actin gels using the software SimplePCI (Compix,

1999). Frames were captured for 100 s at a rate of 10 frames/s; fields 0('{" ; ) . .
B ) ranberry Township, PA). The actin and fascin concentrations used for
view were selected at random, and the total number of tracked particles per

sample ranged between 250 and 350. To minimize the effect of particle(-:onf(?Cal microscopy were the same as those used for multiple-particle
particle interactions, beads that were less than 10 bead-diameters apérr?Ckmg (MPT).
from neighboring beads were excluded. Importantly, the exclusion of
particles that were close to each other also greatly improved the reliability

of the matching protocol described below. To minimize bead-coverslipRESULTS

interactions and not to track beads that had fallen to the bottom of theM . . .
microscopy chamber, the microscope was focused to the mid-height of th PT in a homogeneous viscous solution

sample,~50 um away from the coverslip. Using MPT, we monitored the trajectories of 1.@¢n-

diameter polystyrene microspheres suspended in an aqueous

solution of glycerol. Glycerol was selected because it is a
Multiple-particle tracking purely viscous fluid (i.e., elastic modulus is zero) and be-
Images of the probe microspheres were acquired with NIH Image (NationaFQUS€ its shear viscosity, ~ 1 Poise, was close to that of
Institutes of Health, Bethesda, MD) and segmented using a custom-maddie actin solutions tested below (Xu et al., 1998c,a). At
routine that incorporated the NIH Image commands Threshold and Anatength scales comparable to the size of the microsphere, the
lyze Particles. Threshold works by segmenting the beads from the bac§|ycero| solution does not display any microstructure, and

ground based on the intensity values. Analyze Particles finds the center b id dtob fectlv h W
each particle by tracing the edge of each bead and computing its centroié:.an e considered 1o be periectly homogeneous. e were

The bead positions were matched frame by frame, using a custom-madaPl€ to probe displacements as small~eé nm, as deter-
routine incorporated into NIH Image, to identify each particle and generatemined by immobilizing 1.04.m-diameter microspheres on
its trajectory. Frame-by-frame matching assumes that the closest particle imicroslides using a strong adhesive (Loctite, Newington,

the next frame is the same particle. This is a reasonable assumption becaueer) and tracking their apparent displacement This out-
the change in position from frame to frame was very small compared to the '

spacing between beads (see Results). Particle-matching allowed us to trat?l&andmg spatial resolution allowed us to measure the dis-

between 5 and 10 beads simultaneously, which greatly improved statistiddlacement of microspheres in liquids of high viscosity (see
and reduced times of movie-capture compared to single-particle trackingrig. 1 &), for which microspheres diffusion was more re-

(Mason et al., 1997b,a). Although MPT can track an even larger number o&trained than in a low-viscosity liquid. High viscosity also
particles, we did not increase the number of probe particles to avoichad the advantage of maintaining the fluorescent micro-

particle-particle interactions and to avoid artifactual geometric deformation heres in the field of focus of the microscope for extended
of the fluorescent trace of a given particle in focus by fluorescent particlesSp I I u ! p X

out of focus. From the particle trajectories, another routine incorporated?€riods of time. For each sample, we verified that the
into NIH Image produced a MSD-versus-time scale curve for each particlesolution did not undergo any convection such as those
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FIGURE 1 Trajectory and associated mean square displacement (MSD) of microspheres in glycerol. Polystyrene microsphemesligintter) are
suspended at a volume fraction of 0.1% in an aqueous solution of glycerol, which has a shear viscedityoise. § Typical trajectory of one
microsphere at 1s, 10s and 100s time scalesR@ndomly selected MSDs of individual microsphere3.Ensemble-average MSDh (= 350). MSD
increases proportionally to time, as expected for a purely viscous fluid.

generated by capillary effects, by monitoring the long time-increasing actin concentration (Fig. 2andb). As shown
scale displacement ¢ 1000 s), and testing for possible previously (Palmer et al., 1999), this decrease in the mag-
correlation of the displacement of distant particles. Wenitude of particle displacement corresponded to an increase
selected MPT experiments for which no such correlationin the stiffness of the actin network. Trajectories of micro-
was observed. For each trajectory, exploiting time invari-spheres dispersed in a high-concentration actin solution
ance, the mean-square displacement (MSD) was calculatedere slightly more heterogeneous in amplitude than in a
as a function of time scalat (see Fig. 1b). Finally, the  low-concentration actin solution (see further details below).
ensemble-average mean square displacement of a largéis effect was greatly enhanced in the presence of fascin,
number of microspheres was computed (see Fig, from  which resulted in two populations of MSDs that corre-
which the average solution viscosity, could be extracted, sponded to (a majority of) microspheres that moved little
since MSD is given in two dimensions Kr3(t)y = 4DAt. and (a minority of) microspheres that moved exceedingly
Here, D= kgT/6mma is the microsphere diffusion coeffi- large distances (Fig. 2, andc’).
cient, kg is Boltzmann’s constant, T is the absolute temper- MSDs were extracted from measured displacements (Fig.
ature, anch is the particle radius. The viscosity calculated 3, a, c, ande), which allowed for the computation of the
from the ensemble-average MSD wias= 1.02 Poise, close associated ensemble-average MSDs (Fif, 8, andf). The
to the nominal viscosity. temporal dependence and the magnitude of the ensemble-
average MSD varied with actin concentration and the pres-
MPT in F-actin solutions in the presence/absence e_nce/ab_se_nce of fascin. Such observ_ations were quqlita-
of human fascin tlvely similar to thgsg reported previously for 'F-actln
solutions and F-actin in the presence of the actin cross-

The trajectories of microspheres in an F-actin solution werdinking proteina-actinin (Palmer et al., 1998b, 1999; Xu et
monitored in the presence and in the absence of the F-acted., 1998d). Using the measured ensemble-average MSDs,
bundling protein fascin. In the absence of fascin, the exter¢Ar?), the plateau modulus of the F-actin solutions can be
of microsphere displacement was greatly decreased withpproximately estimated by & 2kgT/3wa({Ar?) (Mason
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1s

FIGURE 2 Trajectories of one microsphere in a low-
concentration F-actin solution and a high-concentra-
tion F-actin solution in the presence and the absence of
the F-actin-bundling protein fascin. Trajectories are b
shown for a 1-, 10-, or 100-s time spa@) .6 uM

F-actin. p) 26 uM F-actin. “Tight” (c) and “loose” ¢')
trajectories in a solution containing 26V F-actin and

0.26 uM fascin. See text for more details.

and Weitz, 1995; Mason et al.,, 1997b). The measuredo focus on the range of MSD values as opposed to the
ensemble-average MSDs, estimatediat 1 s, arg/Ar?) ~ magnitude of the MSD, we normalized MSD distributions
0.32um? and 0.02um? (see Fig. 3p andd), for the 2.6uM with the corresponding ensemble-average MSD. At a fixed
F-actin solution and the 2@M F-actin solution, respec- time scale (for instancat = 2s, see Fig. 4), as expected for
tively. Hence, the corresponding plateau moduli are<G an homogeneous viscous liquid, the MSD distribution for
0.05 dyn/cmi and 1.1 dyn/crfy respectively, which are glycerol was tight and symmetric around the mean (Fig. 4
somewhat smaller than G determined from rheometric anala). By contrast, the MSD distributions of F-actin solutions
ysis (Palmer et al., 1999; Xu et al., 1998a,b; Hinner et al.pbecame wider and more asymmetric for increasing actin
1998). This may be due to the (very) approximate nature o€oncentration and in the presence of fascin (Fidp-d). We
the above formula for G. Note, however that these twoalso found that the MSD distribution for glycerol was ap-
measured values of G are compatible with the concentrggroximately independent of time (Fig. &, whereas the
tion-dependence of G, G(cx c¢”®, predicted by Morse MSD distributions for the F-actin solutions with and with-
(1998b,c), Gittes and MacKintosh (1998), and Isambert andut fascin became more skewed and broader for increasing
Maggs (1996), and already verified experimentally by Xu ettime scales (Fig. 5h-d).
al. (1998a) and Hinner et al. (1998). More importantly for MSD distributions, normalized by the mean, were ana-
the present paper, we found that the range of displacemenigzed by computing their median, standard deviation, skew-
at a given time scale was narrow for glycerol and 2M ness, maximum, and minimum values. We found that the
F-actin, became wider for 2a6M F-actin, and extremely median normalized by the (time-dependent) mean was ap-
wide for 26 uM F-actin in the presence of 0.2@M fascin,  proximately unity for glycerol and 2.6M F-actin, whereas
respectively (see Fig. &, c, ande). the normalized median became lower than unity fo26

The ranges of displacements were quantified by generat-actin (0.91 at\t = 1 s, 0.75 atAt = 10 s). This trend was
ing MSD distributions from measured MSDs of individual enhanced in the presence of fascin as the median decreased
microspheres as a function of time and for each specimero values as low as 0.4 &t = 10 s (Fig. 6a). The standard
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FIGURE 3 Individual MSDs and ensemble-averaged MSDs of microspheres dispersed (0.1% volume fraction) in a low-concentration actin solution and
in a high-concentration F-actin solution in the presence and absence of fagc{n),(@and €): Randomly selected MSDs of individual, 1.g4n-diameter
microspheres ), (d), and €): Ensemble-average MSD (250n < 400). @) and p) 2.6 uM F-actin. €) and @) 26 uM F-actin. €) and ) 26 uM F-actin

and 0.26uM fascin.

deviation, the skewness, and the spread between maximuRiactin solutions, and became extremely high in the pres-
and minimum values of the normalized MSD distributions ence of fascin. The minimum (and maximum) values of the
were generally higher for the F-actin with and without MSD distribution measured akt = 1 s were relatively

fascin than for glycerol (Fig. 6b-d). In particular, the independent of actin concentration but strongly decreased
standard deviation was very low for glycerol, increased for(increased) in the presence of fascin compared to the uni-

Biophysical Journal 79(2) 1095-1106



Multiple-Particle Tracking Measurements in Actin Solutions 1101

a b
Glycerol 2.6 pM F-actin
35 F L3 SR R R IR SR e [ SN A IR PN BN EEE SRR R R e e ': 25 R SN U T T L B [ T, T e LT R
30 | E ]
2 E ;
7] 1o ]
€ 20 F = -
= C :g ]
8 15 J0 ]
10 | . ]
5 |F 3 ]
ok L e e .
0 0.5 1 1.5 2 ; 0 0.5 1 1.5 2 2.5
c API<A?> 2 o Ar?/<Ar®s
26 uM F-actin 26 yM F-actin / 0.26 yM Fascin
30 L MR T TR N P TR UG B SV N ER DR S LI I LS 70 EETE T L T L e B B k]
o5 | 3 60 3
20 [ ] 0 E
[2] u 4 3
— E J+= 40 -
S 15[ 15 ]
8 ] 18§ a0 3
10 | 20 —f
5 10 -
0 0 ]
0 0.5 2 2.5 0 2 8 10

1 1.5 4 6
Ar¥/<Ar®s s BN

FIGURE 4 Distributions of the MSD of microspheres collected at tillte= 2 s. MSD distributions are normalized by the ensemble-average MSD at
each time scale and for each type of solutia).Glycerol. @) 2.6 uM F-actin. €) 26 uM F-actin. @d) 26 uM F-actin and 0.26uM fascin. Insetin (d):
MSD distribution for small deviations of the MSD with respect to the meéar?(t)), to facilitate the comparison betwearandc.

form solution of glycerol (Fig. &). The skewness of the filaments displayed a relatively uniform distribution in ori-
MSD distribution for glycerol was just slightly lower than entation and spatial arrangement throughout the specimen
that of the low-concentration F-actin solution, and hardly(Fig. 7 b). A 26-uM solution of actin filaments instead
increased with actin concentration, but was strongly enexhibited relatively anisotropic features presumablly due to
hanced in the presence of fascin (Figc)6 Standard devi- the intrinsic rigidity of actin filaments, which aligned one
ation, skewness, and median were relatively independent @hother via steric interactions (Fig. a. Even at molar
time scale for glycerol. With the exception of the standardratios as low as 1:100, fascin induced the formation of large
deviation, these parameters were approximately indeperiundles. Correspondingly, we found long anisotropic fluo-
dent of time scale for F-actin at low concentration as well,rescent spots, which correspond to F-actin bundles (Fég. 7
but became increasingly dependent on time scale for inSasaki et al., 1996). These bundles were surrounded by
creasing actin concentration and in the presence of fascimones relatively depleted of F-actin.

(Fig. 6, b-d).

DISCUSSION

. ... _Correlation between actin structures present in

Confocal microscopy was used to relate observed differ- - s
. o ! : solution and MSD distribution

ences in MSD distributions with gross microstructural fea-

tures among various actin solutions. We found that, due ton vivo and in vitro studies have shown that the three major

the absence of large aggregates, ajMbsolution of actin ~ filamentous networks of the cytoskeleton in non-muscle

Confocal microscopy
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FIGURE 5 Time-dependent distributions of the MSD of microspheres suspended in glycerol, in a F-actin solution, and in a solution of F-actin and fascin
MSD distributions are normalized by the ensemble-average MSi(t)), at each time scale and for each type of solution (see Fig, &, andf). (a)
Glycerol. @) 2.6 uM F-actin. €) 26 uM F-actin. @) 26 uM F-actin and 0.26.M fascin. First columnAt = 1 s; second colummt = 5 s; third column,

At = 10 s.

cells, actin filaments, intermediate filaments, and microtu-from that of a homogeneous solution (glycerol). MSD dis-
bules, form heterogeneous (i.e., non-constant mesh sizé&jbutions exhibited a strong dependence on actin concen-
networks (Mullins et al., 1998; Wachsstock et al., 1993;tration and was very sensitive to the presence of the F-actin
Paladini et al., 1996; McGowan and Coulombe, 1998; Ma-bundling protein human fascin. The median of the MSD
civer et al., 1991; Tilney et al., 1995). Based on classicalistribution was found to decrease and the skewness and
models of polymer physics (Morse, 1998a; Doi and Ed-standard deviation to increase with increasing actin concen-
wards, 1989), it is expected that these microstructural hettration and this trend was greatly enhanced by fascin.
erogeneities will modify the mechanical properties of a We found that quantitative differences among MSD dis-
cytoskeleton network. Using multiple-particle tracking, we tributions correlated with the type of F-actin microstructures
found that the MSD distribution of microspheres dispersedand associated inhomogeneities present in the solutions.
in various types of F-actin solutions is qualitatively different The MSD distribution of glycerol was symmetric with a
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FIGURE 6 Time-scale-dependent median, minimum and maximum values, standard deviation, and skewness of the MSD distribution of microspheres
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andf) at each time scale and for each type of soluti@).Median. ) Maximum and mimum values of the MSD distribution. Circles correspond to
minimum values. ¢ Skewness.d) Standard deviation.

standard deviation equal to that predicted for a perfectlytions with fascin, microspheres either become sterically
homogeneous fluid at all tested time scales (Qian et altrapped in bundle-rich and F-actin-rich regions of the solu-
1991), whereas we found increased variations in MSD fottions, or move relatively freely in actin-depleted regions.
increasing actin concentration. Following Onsager’s classiThe first class of microspheres’ displacements is much more
cal predictions for the onset of liquid-crystal ordering in densely populated than the second class. The existence of
rigid-rod systems (Doi and Edwards, 1989; Morse, 1998a)these two differently populated classes of microspheres,
semiflexible actin filaments will orient one another more illustrated by the large variations in displacements (see Fig.
readily at high actin concentration due to increased steri@, c andc’), leads to a highly asymmetric MSD distribution.
interactions. Indeed, F-actin forms a liquid crystal at con-Note that the displacements-{0-50 nm, se@setin Fig.
centrations as low as50 uM (Kas et al., 1996), whereas 4 d) of microspheres that belong to the first class (small-
pretransitional liquid-crystal domains are present at conceramplitude displacements) are still much larger than the
trations lower than 5QuM (Xu, 1997). The formation of spatial resolution of our MPT instrument4 nm).

these physical bundles (as opposed to chemical bundles, The standard deviation of the MSD distribution increases
such as those formed by fascin), which are detected bwith time scale for both concentrated F-actin solutions and
confocal microscopy (Fig. 7) and polarized microscopyF-actin solutions in the presence of fascin. This may be
(Xu, 1997), create ordered structures in solution, whichexplained by the fact that the beads that are allowed to move
renders the actin solution relatively heterogeneous. Thesmore freely (those that belong to the second class, see
microstructural differences are reflected in the MSD distri-above) will increase their MSD over time. These beads are
butions. At high F-actin concentration or in F-actin solu- moving in a microenvironment, which is, from a rheological
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FIGURE 7 Confocal micrographs of solutions of
rhodamine-labeled actin filaments in the presence or
absence of human fascira)(26 uM F-actin. @) 2.6

uM F-actin. €) 26 uM F-actin with 0.26u.M fascin.
Scale bar, qum.

point of view, relatively more liquid-like (Palmer et al., 26-uM G-actin solution polymerizes irt5 min (Korn et al.,
1999; compare Fig. & for the purely viscous liquid glycerol 1987). However, actin gelation, as probed by an increase of
with the distribution of MSDs shown in Fig. 8 for a  the elastic modulus, is extremely slow, as the stiffness of the
viscoelastic solution). This interpretation is based on thesame 26uM actin solution takes>1 hour to reach a steady-
guantitative relation between MSD and microrheology ofstate value (Xu et al., 1998a). Hence, contrary to the wide-
polymer solutions, which has been confirmed for manyspread assumption invoked in the falling-ball viscometric
systems (Palmer et al., 1999, 1998b; Xu et al., 1998c). Imassay (Griffith and Pollard, 1982), the kinetics of actin
contrast, the MSD of microspheres whose motion is hin-gelation is not controlled by actin polymerization. Instead,
dered by actin filaments and actin bundles reaches a plateave believe that the enormous time-scale discrepancy be-
quickly as these beads experience a rheological microenviween polymerization kinetics and gelation kinetics is due to
ronment that is more solid-like (Palmer et al., 1999). Hencethe (slow) establishment of a globally homogeneous F-actin
the difference in MSD magnitudes between these twmetwork. Local heterogeneities (i.e., the presence of small
classes of microspheres increases with time, which in turmnd large pores) in the F-actin network represent defects
increases the standard deviation of the overall MSD distrithat can transiently dominate the macroscopic mechanical
bution with time. As expected, more homogeneous soluproperties of an F-actin network undergoing gelation, yield-
tions, such as glycerol and low-concentrated F-actin soluing a temporarily weak gel. Over time, actin filaments can
tions, display MSD distributions that are only weakly diffuse into the large pores, which renders the mesh size
dependent on timescale. Therefore the distribution of MSDuniform and, in turn, increases the overall stiffness. How-
characterized by its width, skewness, and median, is asver, this homogenization process is slow because the
excellent marker of inhomogeneity in an F-actin solution. movement of each actin filament in solution is constrained
by surrounding filaments (Kas et al., 1996, 1994). We are
currently testing this model of actin gelation using MPT.
We note that MPT requires small amounts (20 4)00of
sample, which is particularly advantageous for protein sam-
Actin polymerization and gelation take place on very dif- ples. By comparison, DWS requires).3 ml (Palmer et al.,
ferent time scales. At physiological concentrations of salt, &998b,a) and conventional mechanical rheometers need

Relation between F-actin organization in solution
and F-actin rheology
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~1.4 ml (Kas et al., 1996; Wachsstock et al., 1993; Ma etkonstantopoulos, K., and L. V. Mclntire. 1996. Cell adhesion in vascular
al 1999) MPT described here complements traditional biology: effects of fluid dynamic forces on vascular cell adhesion.
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