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ABSTRACT Filamentous actin (F-actin), one of the constituents of the cytoskeleton, is believed to be the most important
participant in the motion and mechanical integrity of eukaryotic cells. Traditionally, the viscoelastic moduli of F-actin networks
have been measured by imposing a small mechanical strain and quantifying the resulting stress. The magnitude of the
viscoelastic moduli, their concentration dependence and strain dependence, as well as the viscoelastic nature (solid-like or
liquid-like) of networks of uncross-linked F-actin, have been the subjects of debate. Although this paper helps to resolve the
debate and establishes the extent of the linear regime of F-actin networks’ rheology, we report novel measurements of the
high-frequency behavior of networks of F-actin, using a noninvasive light-scattering based technique, diffusing wave
spectroscopy (DWS). Because no external strain is applied, our optical assay generates measurements of the mechanical
properties of F-actin networks that avoid many ambiguities inherent in mechanical measurements. We observe that the elastic
modulus has a small magnitude, no strain dependence, and a weak concentration dependence. Therefore, F-actin alone is
not sufficient to generate the elastic modulus necessary to sustain the structural rigidity of most cells or support new cellular
protrusions. Unlike previous studies, our measurements show that the mechanical properties of F-actin are highly dependent
on the frequency content of the deformation. We show that the loss modulus unexpectedly dominates the elastic modulus
at high frequencies, which are key for fast transitions. Finally, the measured mean square displacement of the optical probes,
which is also generated by DWS measurements, offers new insight into the local bending fluctuations of the individual actin
filaments and shows how they generate enhanced dissipation at short time scales.

INTRODUCTION

Filamentous actin (F-actin), one of the constituents of theerms “network” and “solution” interchangeably; both terms
cytoskeleton, is believed to be one of the most importantlescribe a semidilute solution of highly purified, uncross-
participants in the mechanical integrity of eukaryotic cells.linked F-actin). Furthermore, some researchers have re-
The mechanism by which F-actin networks provide cellsported that networks of uncross-linked F-actin harden for
with structural rigidity is attributed to their viscoelastic strains between 1% and 10% (Hvidt and Heller, 1990;
nature, characterized by viscoelastic moduli. Janmey et al., 1990, 1994), which corresponds to elastic
However, major discrepancies between reported valuesoduli increasing with strain, and yield beyond 10%. In
of the magnitude of the viscoelastic moduli of uncross-contrast, other researchers have not observed any strain-
linked F-actin networks, their concentration dependencehardening effect, only the onset of yielding when the strain
strain dependence, and frequency dependence have agaches 10% (Pollard et al., 1986; this work). Finally, vastly
peared in the literature. These vastly different rheologicabifferent values of the relative magnitudes of elastic and
data have yielded different conclusions regarding the sepdess moduli, which characterize the nature of the viscoelas-
rate role of F-actin in the cell's structural rigidity. Tradi- ticity, have helped researchers to characterize F-actin net-
tionally, the linear viscoelastic moduli of F-actin networks works as either viscoelastic solid or viscoelastic liquids.
in vitro have been investigated by imposing a mechanical The actual magnitude of the elastic modulus is important
strain and quantifying the resulting stress. Reported elastibecause a high value would support the hypothesis that
moduli of uncross-linked F-actin networks, measured usingsotropic F-actin networks alone are strong enough to sta-
mechanical deformation, differ by more than two orders ofbilize cells (Janmey et al., 1994). A high value of the elastic
magnitude, between 10 and 40 dynes/qfRollard et al., modulus also provides a baseline against which to monitor
1986; Sato et al., 1987; Wachstock et al., 1993) and 1000subtle changes in the mechanical properties of F-actin net-
5000 dynes/cr (Hvidt and Heller, 1990; Janmey et al., works due to regulating proteins such as capping and sev-
1990, 1991, 1994; Hvidt and Janmey, 1990). Thereforeering proteins, as well as small changes due to polymeriza-
concentrated F-actin solutions have been described as forrtion of actin filaments from ATP-containing or ADP-
ing networks that are either weak or stiff (note: we use thecontaining subunits (Newman et al., 1993; Pollard et al.,
1986; Janmey et al., 1991). Finally, it supports the hypoth-
esis that F-actin alone can effectively provide structural
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of the viscoelastic moduli establishes the extent of theSephacryl S-300 HR instead of Sephadex G-150 (MacLean-Fletcher and
rheological linear regime (for which moduli are independentPollard, 1980). The purified actin was stored ag Gactin in continuous
of Strain) which is important because it allows for mean_dialysis at 4°C against buffer G (0.2 mM ATP, 0.5 mM dithiothreitol, 0.1

. . . . mM CaCl,, 1 mM sodium azide, and 2 mM Tris-Cl, pH 8.0). The final
ingful comparison with theoretical models and other ME-actin concentration was determined by ultraviolet absorbance at 290 nm,

chanical measurements. using an extinction coefficient of 2.68 104 M~* cm * and a cell path
Given the controversy surrounding traditional methodsJength of 1 cm. M§* actin filaments were generated by adding 0.1 volume

we have developed a novel, light-scattering-based tect 10 KME (500 mM KCI, 10 mM MgCh, 10 mM EGTA, 100 mM

nique, diffusing wave spectroscopy (DWS), which probes|m|dazole, pH 7.0) polymerizing salt buffer solution to 0.9 volume of

. . . . G-actin in buffer G. We did not observe large variations in the mechanical
the linear rheological properties of biopolymer networks properties of F-actin networks measured by optical and mechanical rheo-

noninvasively (Palmer et al., 1998; Petka et al., 1998). Thisnetry on actin extracted and purified by the method of MacLean-Fletcher
technique and associated analysis are based on the measurat Pollard (1980) and by the new method of Casella et al. (Casella and
ment of the autocorrelation function of the light multiply _Toredsy 1994?dc<‘3_?se“? et I"’"w f199|5)- Thist_”e% aCtiI” pr_ifin_‘“O”f Teth%d
: . . ncludes an additional cycle of polymerization/depolymerization followe
scattered from mlcrospheres Im.bedded .m the nen,Nor by an additional gel filg;ation steg. We verified pthe)l/t G-actin, which is
From the measured autocorrelation function and using fitrated once, contained negligible amounts of capping proteins by mon-
generalized Stokes-Einstein equation, we extract the meafring the polymerization of actin, using time-resolved fluorescence spec-
square displacement of the probing microspheres. Fromoscopy and pyrene-labeled actin (not shown here). We also note that our
these mean square displacements, we calculate the vidctin samples were never frozen for storage purpose.
coelastic moduli of networks of highly purified, uncross- For this study, six actin concentrations ranging from 4Bl (0.42

. . . . . .. . mg/ml) to 164uM (6.89 mg/ml) are reported. While uncross-linked F-actin
linked F-actin. This technique is somewhat similar to Slnglesolutions of concentrations smaller tham8 puM are isotropic liquids,

particle tracking microrheology (SPTM), recently devel- F-actin solutions of concentrations greater than 48 form a highly

oped by Wirtz and co-workers (Mason et al., 1997a,b; Xu ebrdered liquid-crystalline phase (Coppin and Leavis, 1993): we report

al., 1998c; Ganesan et al., unpublished data) and Schmigetically measured viscoelastic moduli of F-actin solutions in the liquid-

and co-workers (Schnurr et al., 1997a,b). Unlike SPTM CYstaline phase and in the isotropic phase.

which monitors the displacement of a single particle at a

time, DWS mgnitors many thousands of 'm?crospheres simulpiffusing wave spectroscopy

taneously, which allows for superior statistics. However, un-

like DWS, SPTM allows us to probe the mechanical propertied?strument

of an anisotropic F-actin specimen and the cytoskeleton ofhe beam from an Af ion laser operating in the single-line frequency

a living cell in situ (Ganesan et al., unpublished data). mode at a wavelength of 514 nm is focused and incident upon a flat
Our optical rheometry assay generates measurements gpttering cell that contains the F-actin network and spherical optical

- . ; e robes. The light multiply scattered from the solution is collected by two

the YISCOElaStIC moduli O_f F-actin networks that are, IeSS;hotomultiplier tubes (PMTs) via a single-mode optical fiber with a col-

amb|_gU0U5 than meghanlcal measurements. In pamcylaﬁmator lens of very narrow angle of acceptance at its front end and a

this instrument exploits the small, random, thermally in-beamsplitter at its back end (Weitz and Pine, 1993). The outputs of the

duced force generated by imbedded microspheres and ther@MTs are directed to a correlator quking in t_he pseudo—cross—co_rrelation

fore avoids possible flow-induced orientation and bundling™ede to generate the autocorrelation functigyt) — 1, from which

— .~ quiescent rheological properties of the F-actin solutions can be calculated.
of actin filaments. In the absence of externally applied Actin is polymerized in situ for 12 h before measurement by loading the

forces, optical rheometry probes the viscoelastic Propertie§eattering cell with a solution of G-actin mixed with the polymerizing salt
of networks in the linear small-strain regime almost by solution and a dilute suspension of monodisperse latex microspheres (Duke
definition. Moreover, this optical instrument greatly in- Scientific Corp.) of radius 0.4%m at a volume fraction of 1%. The
creases the frequency range of the probed viscoelastic mogn‘;:éfg:!galc?r':ei;;ge” igﬁmeei_c:_i:ée%;tiggtgcfspp;:% h’s‘ggl tm‘;‘_rzsdo,'xte:
N . . i y, we verifi -actin was fully polymerized i
uli: We, rou“nely prqbe frequency-dependent loss and EIaStIE—actin and that F-actin had formed an equilibrium network at all concen-
moduli at frequencies up to 1 MHz, which is four orders of y4tions presented in this paper before 12 h. Using mechanical rheology, we
magnitude larger than possible with mechanical rheometryaliso verified that the rheology of F-actin is identical in the presence and in
This extended range of frequency allows us to probe théhe absence of the added latex beads. Using static light scattering, we
internal dynamics of actin filaments in concentrated soly-verified that more than 98% of the scattering intensity in the transmission

. L geometry was due to the microspheres, and less than 2% was due to the
tions as well as the effect of fast cellular transitions OnF—actin filament network itself. We also verified that the measured mean

F-actin rheology. Finally, the measured mean square dIS;:'quare displacement scaled inversely with the radius of the probing bead
placement of the optical probes, which is also generated bir diameters larger than 0.55m and smaller than 1.95m (see Eq. 1

DWS measurements, offers new insight into the local bendbelow). Smaller particles did not display saturation of their displacement at
ing fluctuations of the individual actin filaments and shows large times (they percolated through the network), and larger particles

. . . sedimented too rapidly (data not shown). All DWS measurements are
how these generate large dissipation at short time scales.Conducted at a temperature of 23°C.

EXPERIMENTAL TECHNIQUES

Actin preparation

Analysis

The general method used to extré&t{w) andG"(w) from g,(t) — 1 via the
Actin was purified from rabbit skeletal acetone powder by the method ofcalculated values of the mean square displacement of the optical probes is
Spudich and Watt (1971). The resulting actin was then gel filtered ondescribed in Mason and Weitz (1995) and Palmer et al. (1998). The method
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is based on a relation between the mean square displacement of a micro- 10°
sphere imbedded in a viscoelastic medium and the viscoelastic modulus of
that medium. By assuming that Stokes’ law, which holds for a purely

viscous fluid, can be generalized to all frequencies, one obtains 101 L J
G(s) = sn(s) = T (1) I
T magAf(s)’ S 107 :
)
wheres is the Laplace frequency and ™ represents the unilateral Laplace
transformation, defined 84s) = L[X(t)] = % X(t)exp(~sfdt. Equation 1, 107 3 3
which neglects inertial effects, relates the unilateral Laplace transforms of 63 .
the stress relaxation modul@(t), G(s) = sG(s), and of the mean square “ ‘ . . . L . |
displace[nen(Arz(t». We use the analytic continuation between the real 10 107 10° 107 10! 10° 10°
functionG(s) and the complex functiof*( w) = G'(w) + IG"(w) to extract
elastic and loss moduli by extracting real and imaginary parts from the t (ms)

imaginary function(s = iw).
FIGURE 1 Autocorrelation functiorg,(t) — 1 of the light intensity
multiply scattered by 0.9¢sm-diameter microspheres imbedded in actin
Mechanical rheometry filament networks. This scattered light is detected by the PMTs gaftyl
— 1lis calculated by the cross-correlator of the DWS instrument obtained
To compare our optical measurements with classical mechanical measurafter a 12-h run on F-actin networks. From these high-temporal-resolution
ments (Ferry, 1980), we employ a strain-controlled mechanical rheometemeasurements, we extract the mean square displacefief(t)). From
(ARES-100 Rheometrics) equipped with a 50-mm-diameter cone-and-platthese(Ar%(t)) measurements, we calculate the viscoelastic moduli of F-
geometry. To prevent possible evaporation of the buffer, the cone-andactin networks.
plate tools are enclosed in a custom-made vapor trap. The temperature of
the sample is fixed at 23°C to within 0.1°C. The G-actin solution is placed
between the cone-and-plate tools and allowed to polymerize in the pregorresponding to~10 time decades, between 10s and
ence of PO_'ymef’"Zz'”g salt for 12kh beforefthe L“_eaasurem;”tsl- T'}e_V'SCO?t'a%ﬁ s. By collecting at least four DWS runs for each actin
tic properties of F-actin networks were found independently of ime after., antration, we confirmed the reproducibility of our op-
12 h at all actin concentrations used in this work. The linear equilibrium . | 1 | . ff
valuesG'(w) andG"(w) of the actin solutions are measured by setting the tica _measurem_ent_s_@cZ(t) T Sample agmg_e ects are
amplitude of the oscillatory strain at = 1% and sweeping from low to  Negligible; no significant optical and rheological changes
high frequency. The strain-dependent viscoelastic moduli were measuredccurred within 3-5 days after the preparation of G-actin
_by subj_ecting thl_e F-ac,tin sollf,tion to a 1-rad/sf oscillsltory dgformation ofand (immediate) Subsequent polymerization for 12 h. At
increasing amplitudeG’ and G are computed from the maximum mag- 14,06 actin concentration, problems from lack of ergodicity
nitude of the measured stress (Palmer et al., 1998; Mason et al., 1998). . . s .
can arise because of the onset of inhomogeneities in F-actin
networks. To confirm ergodicity, we conducted runs on the
RESULTS same F-actin samples with the laser beam incident upon five

different points of the face of the scattering cell. Local

Computation of t_he m_echanical properties of F-actin nety 4riations ofg,(t) — 1 were found to be negligible for actin
works from multiple light scattering measurements pro-

concentration smaller than 48V but observed to slightly

ceeds via several steps. We report the autocorrelation fungycrease for increasing actin concentration (data not shown).
tion gy(t) — 1 of the multiply scattered light intensity,  From 0,() — 1 data, we extract the time-dependent

measured with a fast intensity cqrrelator. Fropft) — 1, mean-square displacemefitr?(t)) of the spherical probes
we compute the mean square dlsplaceniémz(t» of the impedded in the mesh formed by the overlapping actin
microspheres (for further details about hér=(t)) is cal-  fjjaments. The result of this operation is displayed in Fig. 2,
culated fromg,(t) — 1, see Weitz and Pine, 1993; Palmer et hich shows that the motion of the probing spheres is rapid
al., 1998), from which we extract the time-dependent dif-4; short times and dramatically slowed past a characteristic
fusion constanD(t). From <Ar_2(t)>’ we calculate the ViS-  ime The time at which probe motion becomes hindered is
coelastic modulugs(s), and finally the frequency-depen- qre rapidly attained for increasing actin concentrations,
dent viscoelastic moduls’(w) and G'(w). and, as expected, the maximum displacements reached by
the diffusing microspheres decrease with actin concentra-
tion. Fig. 3 displaygAr?(t)) as a function of actin concen-
tration and time scale. All graphs display a similar weak
dependence on actin concentration. Frain*(t)), we can
The light of an A" ion laser is incident upon the F-actin also calculate the time-dependent diffusion coefficient
network and multiply scattered by the microbeads imbedde®(t) = (Ar(t))/6t, which is shown in Fig. 4. As discussed
inside the network. We measure the instantaneous intensityelow, this figure shows that the transport of microspheres
of the light intensity multiply scattered by the microspheres,with a diameter larger than the average mesh size is not
transmitted through the network, detected by the PMTs, angurely diffusive and therefore is not characterized by a
then autocorrelated to generate the autocorrelation functiosingle constant diffusion coefficient, but by a time-depen-
0,(t) — 1. Fig. 1 shows),(t) — 1 over a large temporal range dent diffusion coefficient.

Correlation function, mean square displacement,
and time-dependent diffusion coefficient
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FIGURE 2 Time-dependent mean square displacenrf(t)) of the  FIGURE 4 Time-dependent diffusion coefficient, defined B&) =
spherical probes imbedded in the mesh formed by the overlapping actipar2)y/et, of the microspheres imbedded in the F-actin network. The
filaments extracted frorg,(t) — 1 data via a method detailed in Palmer et it sion constanD spans six orders of magnitude, frdn~ 10~® um?s

al. (1998). The motion of the probing spheres is rapid at short times angy; |arge actin concentrations and long timesito~ 0.3 um?/s for small
dramatically slowed past a characteristic time. The time at which probe,ctin concentrations and short times. As expected, this last value is on the
motion becomes hindered is more rapidly attained for increasing actiny qer of magnitude of the diffusion coefficient of a sphere of ragius
concentrations, and, as expected, the maximum displacements reached §y,g wm in water, which is a constant equal By, = ks T/6mma ~ 0.44

the diffusing microspheres decrease with actin concentration. The averaggmzs,

radius of the probes is 0.48m.

A simple model, offered by Maggs (personal communica-
tion), can explain the nontrivial concentration dependence
of the high-frequency viscosityy.. « Vc. At short time

To extract the viscoelastic moduli of actin filament net- sca|es1 the bead moves relative to the background of immo-
works, we adapt the analytical framework developed inpjle filaments. The hydrodynamic flow created by the mov-
Mason and Weitz (1995). In particular, the macroscopicing bead is screened into the network and is nonnegligible
viscoelastic modulus |G(s iw)| G*(w)| up to a distancet into the sample from the bead. Thus

Complex modulus

VG'“(w) + G"(w), which can be computed directly by dissipation per unit volume i TS~ n1?/&2. Therefore, the

Laplace transformation of the discret&r?(t)) data and is

total dissipation is on the order efn(1v%/&)(R%¢). But £ «

displayed in Fig. 5. Each curve displays a characteristi¢=%% hence the friction is proportional ©"?R?, in quali-
plateau at small frequencies up to a concentration-depenative agreement with our observations.
dent characteristic crossover frequency and a rapid increase
for increasing frequency after that crossover frequency.

We can also extract the concentration dependence of tHelastic and loss moduli

high-frequency viscoelastic modulus. Fig. 6 displdgs|
measured at = 10° rad/s as a function of actin concen- e

tration; a power-law fit of the data yields

Elastic and loss moduli are straightforwardly extracted from
(9) becauseG'(w) = |G*(w)|cosfra(w)/2) andG'(w) =

|G*(w)|sin(ma(w)/2), whereG*(w) = G(s = iw). The fre-

|G*| o 2%, 2)

100 )
—~ 2
NE D\D.igﬁ\\\‘i{losl Q
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FIGURE 3 (Ar?(t)) as a function of actin concentration at sampling FIGURE 5 Complex viscoelastic modullG*(w)| =

times varying fromt = 107°s tot = 10 s.
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function of the frequency obtained frofar?(t)) data (see text for details).
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FIGURE 6 High-frequency viscoelastic modulus as a function of actin
concentration. The fit of the data yield&*| = Vc. The modulus is
estimated ato = 10° rad/s.
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FIGURE 8 Low-frequency elastic modulus;, as a function of actin

concentration. For the sake of comparison, we also®|t) as measured
by mechanical rheometry. For concentratios 64 uM, the data are fit by

a power law ofc; we find Gj(c) = ¢***%2 This figure shows saturation in
the measure@, at concentratios > 64 uM, which may indicate the onset
of local liquid crystalline order at high actin concentration.

the transport of the microspheres in the F-actin network. If

a = 0, the probed polymer network is purely elasticyif=

1, the network is purely dissipative. Fig. 7 shows the fre-

quency-dependent elastic and loss moduli of a 124
F-actin network. Fig. 7 also shows'(w) and G"(w) mea-
sured by mechanical rheometry. Excellent agreement i

observed between optical and mechanical measurements
over the limited frequency range probed by our mechanical

rheometer. The elastic modul@ is observed to dominate
at low frequencies, and the loss modul@%é dominates at
large frequencies. We measure

G'(w) * G"(w) * 0®"%10 for @ > 200 s?

3)

for a 24 uM F-actin network. As discussed below, the
frequency dependence Gf(w) as well as the dominance of
G’(w) at high frequency are unusual for a polymeric system
In Fig. 8, we plot the low-frequency elastic plateau mod-
ulusGg, which is evaluated ab = 1 st (ile.,G,~G'(0 =
1sY), as a function of actin concentratienFor the sake

10* . . .
10°
10?

10!

G,G"( dynes/cm2 )

10°

10.] I I I I
107 102 107 10° 10! 10* 10° 10*
o (rad/s)

FIGURE 7 Elastic and loss moduli as measured by DWS of a4

F-actin network. At low frequencies, F-actin networks are weak and

of comparison, we also pld@;(c) as measured by mechan-
ical rheometry. For concentratian= 60 uM, the data are
§t by a power law ofc; we find

GF,)(C) o Cl.2i0.2_

(4)

Fig. 8 also shows saturation &f, at concentrations > 60
1M, which may indicate the onset of local liquid crystalline
order at high actin concentration.

DISCUSSION

Fast bending modes at short times and hindered
diffusion at long times

Our high-bandwidth measurements of the mean square dis-
placement are sensitive to both the fast bending fluctuations
of single actin filaments at short times and the macroscopic
viscoelasticity of F-actin networks at long times. Morse’s
model (Morse, manuscript submitted for publication) pre-
dicts that the viscoelastic modulus of a concentrated net-
work of F-actin isG*(w) = (iw)®* at large frequencies.
Therefore, according to Eq. {Ar?(t)) « t¥% at short times,

in excellent agreement with our observations. This good
agreement suggests that the expor¥éndescribes the fast
bending fluctuations of the filaments at wavelengths shorter
than the entanglement length of the network. This exponent
is therefore directly related to the finite rigidity of individual
actin filaments. At long times, the microspheres become
elastically trapped by the actin filaments. The associated
diffusion coefficientD of the probing 0.48+m radius mi-
crosphere decreases frdn~ 0.3 um?%s at short times to

D ~ 10 ° um?s for large actin concentrations and long
times. The latter value corresponds to near-arrest of the
microsphere by the elastic F-actin network: the microsphere

solid-like. At high frequencies, F-actin networks are liquid-like; the loss Probes the long-time elasticity of the F-actin mesh. The

modulus dominates the elastic modulus.

former is close but smaller than the diffusion coefficient of
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the same microsphere in water of viscosity 1 cP, which is 10
equal toD, = kgT/6mma ~ 0.44 um?/s.

The values ofD that we measured by DWS can be
compared with values obtained by Newman and co-workers
using classical dynamic light scattering (Newman et al.,
1989a,b). These authors measured the diffusion coefficient
of latex spheres imbedded in F-actin networks and obtained
values ranging fronD/Dy ~ 1 to 0.2 for 270-nm-radius
spheres in F-actin networks of concentrations ranging from
1 to 22 M. The magnitudes of these values agree with our
optical measurements, at least if we UBeptically mea- 10" 3
sured at very short times and small actin concentrations. 102 10" 10° 100 10*° 10
But, as shown in Fig. 4, the diffusion of latex spheres in (%)
concentrated F-actin networks is not well described by a
single, constant diffusion coefficient, because the sphereg|gure 9 Loss and storage moduli of a 24 F-actin network as a
transport becomes subdiffusive at times as short a8 0  function of strain. This figure shows that the rheology of F-actin networks
Indeed, we obtain values that are’16 10 smaller tharD, does not display strain-hardening and that the linear regime extends up to
at long times and large actin concentrations. The interprestrains of 10%. The inset shows that the shift angyjleetween loss and

storage modulus is a strong function of strain. At small strasns, 25°,

tation of Newman et al. (1989a) only Incorporates the dls-and an F-actin solution is a viscoelastic fluid with a solid-like character. At

sipative natur? of the F'aCtin' netWOrk (i:e-: the ViS?OSity)Iarge strainsp increases toward 90°, and an F-actin solution becomes a
and does not include the elastic contribution to the hinderediscoelastic fluid with a liquid-like character.

diffusion of the microsphere in the F-actin network.

80
70
I § 60
100 L Eo 50 o
= 40

w
30
20
102 10" 10° 10' 10? 10°
¥(%)
2 aasul | 1 1 1

G, G"( dynes/cmz )

[

] behavior of F-actin networks can be characterized as both
Agreement between optical and solid-like and liquid-like. At small frequencies, actin fila-
mechanical measurements ment networks can be characterized as viscoelastic gels

Over the limited frequency range probed by mechanicapecaus_e they display some of the cha'ract.eristic rheologicgl
rheometry, our mechanical and optical measurements agréOPerties of gels. These charactgrlstlcs include an ela§tlc
to within 10-15% (see Fig. 7). This agreement betweerinodulus that is nearly frequency-independent over a wide
optical and mechanical measurements helps clarify the bdf€quency range and is much larger than the loss modulus
havior of F-actin under deformation. Researchers have reSolid-like behavior). However, at small frequencies, un-
ported conflicting observations regarding the low-strain be£ross-linked F-actin networks are weak: the magnitude of
havior of F-actin networks. In particular, Janmey et al,th€ plateau modulus is small. Instead, at high frequencies,
(1994) have reported strain-hardening. We have repeateiPth elastic and loss moduli become large. Moreover, at
these measurements with our instruments, and instead oB!9h frequencies, F-actin networks are liquid-like: the loss
serve thaG’ andG” are strain-independent for strains up to Modulus systematically dominates the elastic modulus and
y ~ 10% (see Fig. 9). Because we obtain the same magnE'aCt'” networks lose their solid-like properties.

tude for G’ and G” with mechanical rheometry (which

involves shear deformation) and optical rheometry (Whichcomparison with reported values and theoretical models

involves no applied shear deformation), we conclude that )
F-actin networks do not display strain-hardening and thereRheological measurements of the frequency dependence of

fore do not offer a reserve of resistance to deformation. the elastic and loss moduli fon > 100 rad/s are not
available in the literature; therefore direct comparison with

published data is impossible. Moreover, like stress-con-
Frequency dependence of viscoelastic moduli trolled rheometers (Janmey et al., 1994), magnetic micro-
rheometers (Schmidt et al., 1996; Muller et al., 1991), and
torsion pendulums (Zaner, 1986; Janmey et al., 1994), our
strain-controlled rheometer can meas@4w) and G"(w)
The description of F-actin rheology has been oversimpli-only up to 80-100 rad/s, so a direct comparison between
fied. We find that the frequency content of mechanicalDWS measurements and mechanical measurements at
deformation governs the viscoelastic response of an F-actihigher frequencies is also precluded.
network. Because of the large variations in the reported However, recent theoretical models predict the high-fre-
values of their elasticity, uncross-linked F-actin networksquency dependence of bdBi(w) andG"(w). Measurement
have been characterized as either viscoelastic solids af the high-frequency regime offers new insight into the
viscoelastic liquids (Janmey et al., 1988, 1990, 1991, 1994pcal dynamics of actin filaments inside their tube formed
Sato et al., 1985, 1987). The extremely large temporaby the surrounding filaments. For instance, the frequency
resolution of DWS allows us to show that the rheologicaldependence of the elastic modulus can be explained within

The viscoelastic nature of F-actin networks strongly
depends on the strain frequency
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the framework of the model of Isambert, Maggs, and Morsecation),l = 1,(pl ~ 0.32—-0.41um with a persistence
(Isambert et al., 1995; Morse, manuscript submitted fodengthl, = 5-17 um (Gittes et al., 1993; Isambert et al.,
publication). This model, which predict&*(w) = (iw)* 1995). Herep is given byp = clyN, = 38.5um 2 when
with o = %4, assumes that at times smaller than a charace = 24 uM; N, is Avogadro’s number; antj, = 2.75 nm
teristic timer,, the effects of entanglements as well as theis the curvilinear length of a G-actin monomer. We find
rigidity of F-actin only allow for actin filaments to fluctuate G, ~ 7kgTp/Sl, ~ 6 dynes/crf, which is slightly smaller
laterally. In this model, the exponert, which would than our measured plateau modulus. The model of Isambert,
becomeY- for flexible polymers, directly reflects the finite Maggs, and Morse also correctly predicts the concentration
rigidity of actin (Isambert et al., 1995; Gittes et al., 1993). dependence of the low-frequency plateau modulus: we find
Because the ratio of loss and storage moduli is related to G/, « c"**°? whereas the model predio®, = c¢’’°.
by G"/G’' = tan(an/2) =~ 2.41, Morse’s model correctly We now compare the measured concentration depen-
predicts that dissipation effects dominate the viscoelasticdence and magnitude of the plateau modulus with the pre-
response of F-actin networks at high frequencies (Morsedlictions of the model of MacKintosh, '§a and Janmey
manuscript submitted for publication). (MacKintosh et al., 1995). That model predicts that the
plateau modulus is given g, = ksTI5/£%13, whereé is the
mesh size of the F-actin network. We fir@, ~ 7600
The elastic modulus has a small magnitude and a  dynes/crf, usingé ~ p~ %2 = 0.15um, |, = 17 pm, and
weak concentration dependence le = 0.41 um, which is much larger than our measured
value of the plateau. However, the amplitude Gff pre-
dicted by the model of MacKintosh, Kas, and Janmey is
Another direct effect of the finite rigidity of F-actin is the highly dependent on the evaluation lgfand|: using the
concentration dependence of the plateau modulus. Few sysstimate ofl, based on a heuristic argument that yields an
tematic studies of the concentration dependence of the elashtanglement length that is about twice the tube diameter
tic plateau modulus are available. Janmey and co-worker®, ~ 0.5 um (Morse, 1997)]. =~ 1 um, and a smaller
have reportedy(c) = c®?for 9.6 uM < ¢ < 24 uM with persistence length, = 5 um, we obtainG, ~ 45 dynes/
a magnitude betweels, ~ 150 dynes/crh and Gy, ~ cn?, which is still too large. Therefore, unlike the Isambert-
1000-5000 dynes/cirespectively (Janmey et al., 1988, Maggs-Morse estimate @/, small variations in the esti-
1990, 1991, 1994; Hvidt and Janmey, 1990). Similar magmates ofl, andl, can yield to large variations i®;. This
nitude and concentration dependence have been reported Hisagreement worsens at actin concentrations larger than
other groups (Hvidt and Heller, 1990; Muller et al., 1991; ¢ > 24 uM because, according to the model of MacKintosh,
Newman et al., 1993). Our mechanical and optical measurekas, and JanmeyG,, depends strongly on concentration,
ments of the amplitude of the elastic modulus, which agrees; « 2
with one another to within 20%, yield values that are The semiquantitative agreement between our DWS mea-
between 15 and 200 times smaller. Our measurements argyrements and the predictions of the model of Isambert,
however, in good agreement with those published by Sato éflaggs, and Morse suggests that the origin of the viscoelas-
al. (1985, 1987), Wachstock et al. (1993, 1994), and Haskeliicity in an F-actin network at small frequencies is not due
et al. (1994). to the lateral fluctuations of the constitutive filaments, a
Two models that specifically describe the rheology of mechanism evoked by the model of MacKintosh, Kas, and
F-actin networks have recently appeared in the literatureJanmey, but is due to the reptation-like motion of each actin
Isambert and Maggs (1996) and Morse (manuscript submitfilament, which is restricted by the surrounding filaments of
ted for publication) assume that the small-frequency plateathe network.
modulus stems from the slow motion of the actin filaments,
hindered by the surrounding cage formed by the other , )
filaments. MacKintosh et al. (1995) postulate instead thafiesolution of the discrepancy between reported values of
L . he elastic modulus
the plateau modulus originates from the fast, hindered lat-
eral motion of subsection of actin filaments between entanOur measurements help resolve the large discrepancy be-
glements. These models present different predictions for theveen values of the elastic shear modulus reported in the
magnitude and the concentration dependence of the platediterature. Many explanations have been offered to rational-
modulus. We first test the model of Isambert, Maggs, andze this discrepancy. Recently, Janmey et al. (1994) ob-
Morse by comparing the measured and predicted magniserved the extreme sensitivity of both the F-actin length and
tudes of the elastic modulus far= 24 um. This model shear modulus to even small shear stresses. Therefore, they
predicts that the plateau modulus is given®y~ 7kgTp/  attributed the discrepancy to the effect of irreversible
5l., Wherel, is the entanglement length,is the persistence changes in the F-actin samples that could occur during
length of F-actin, ang is the contour length of F-actin per sample loading into the rheometer or initial deformation
unit volume. Direct measurement of the entanglementmposed to the sample before mechanical measurements.
length is difficult; we estimate it by using a geometric Because, in our experiments, G-actin is polymerized in situ
argument given in Morse (manuscript submitted for publi-inside the scattering cell and because our optical measure-

—2/
’2)) 2/5

Comparison with published data and theoretical models
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ments are conducted in the linear rheological regime byCasella, J. F., and M. A. Torres. 1994. The Cytoskeleton and Cell Function.
definition, our measurements reject these explanations for D: Helfman, E. Raff, editors. Cold Spring Harbor Laboratory, Cold

h .. f the di Spring Harbor, NY.
the origin of the discrepancy. Condeelis, J. 1992. Are all pseudopods created edlellMotil. Cytoskel.

Janmey et al. (1994) also pointed out that layers of 22:1-6.
proteins dried and denaturated by buffer evaporation at theondeelis, J. 1993. Life at the leading edge: the formation of cell protru-
periphery of the tools of the rheometer can also affect Sions.Annu. Rev. Cell. Biol9:411-444.
measurements of elastic moduli. Most of the stress geneﬁoppin, C. M., and P. C. Leavis. 1993. Quantitation of liquid crystalline

ted i fluid ol d betw d plat I ordering in F-actin solutiondBiophys. J.63:794-807.
ated In a fluid place etween cone and piate (OI’ para eILerry, J. D. 1980. Viscoelastic Properties of Polymers. John Wiley and
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