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Opinion
All substances exhibit constant random motion at the
microscopic scale. This is a direct consequence of ther-
mal agitation, and leads to diffusion of molecules and
small particles in a liquid. In addition to this nondirected
motion, living cells also use active transport mechan-
isms, such as motor activity and polymerization forces
that depend on linear biopolymers and are therefore
fundamentally directed in nature. Nevertheless, it has
become increasingly clear that such active processes can
also drive significant random fluctuations that can
appear surprisingly like thermal diffusion of particles,
but faster. Here, we discuss recent progress in quantify-
ing this behavior and identifying its origins and con-
sequences. We suggest that it represents an
important and biologically tunable mechanism for trans-
port in living cells.

Thermal diffusion and random intracellular motion
Diffusion is the ubiquitous random motion of small
particles due to thermal agitation. Diffusive or Brownian
motion was described in the early 19th century by the
botanist Robert Brown, who observed the erratic motion
of particles in pollen [1]. The origin of this motion is now
understood to be the thermal agitation present at the
microscopic scale in any substance, which causes mol-
ecules and small particles to perform a random walk in
a solution. Although diffusion is non-directional, it can be
an efficient transport mechanism in cells, particularly
over short distances. It is thus well-suited for transport
in small prokaryotic cells, and in micro-compartments of
eukaryotic cells. However, diffusive motion is also import-
ant in the cytoplasmof large eukaryotic cells, as it provides
the primary basis for connectivity in signal transduction
networks. Moreover, diffusive motion is of fundamental
importance in developmental morphogenesis, where reac-
tion-diffusion systems establish different embryonic
domains [2].

Diffusion follows well-established physical laws: It is
driven by the thermal energy of the system, and thus the
diffusion coefficient that characterizes the range of motion
increases with temperature, making diffusion faster. In
addition, the diffusion coefficient decreaseswith increasing
Corresponding authors: MacKintosh, F.C. (fcm@nat.vu.nl);
Weitz, D.A. (weitz@seas.harvard.edu).

0962-8924/$ – see front matter � 2009 Elsevier Ltd. All rights reserved. doi:10.1016/j.tcb.2009.0
size of the diffusing object and increasing viscosity of the
surrounding medium. There are, however, a number of
reports of intracellular motion that is apparently diffusive,
but that does not obey these basic properties of diffusion.
For example, fluorescence recovery after photobleaching
(FRAP) experiments probing diffusivity of macromolecules
in fibroblasts suggest that the diffusion coefficient does not
exhibit the expected dependence on macromolecular size
[3,4]. More recent studies have shown that the diffusion of
inert macromolecules injected into Drosophila embryos
shows a size-independent contribution to the diffusion
coefficient, consistent with some additional cytoplasmic
‘stirring’ [5]. In some cases, motion within cells appears
to be random and diffusive-like, although the magnitude of
motion can be much larger than expected for thermal
diffusion [6,7]. These observations suggest that there must
be some other mechanism that contributes to random
diffusive-like transport. The other ubiquitous transport
mechanism in cells is active, directed motion, which can
come from either the (de)polymerization of cytoskeletal
filaments or the active motion of molecular motors along
these filaments. In either case, the result is relatively
straight, directed motion, such as with kinesin-driven
transport of cargo along linear microtubule tracks.
Although cargoes can switch between different filament
tracks in a randomly oriented network [8], active, directed
transport would seem to be distinct from the random
motion of diffusive transport.

Here we discuss the impact of biological activity on the
random, fluctuating motion of particles within cells, and
suggest that such activity can contribute to randommotion
that is very similar in nature to thermal diffusion, result-
ing in an enhanced diffusivity. Thus, this behavior
represents ‘active diffusion.’

Mechanics and diffusivity are coupled
The random motion of particles depends not only on the
driving force, be it thermal or otherwise, but also on the
mechanical resistance of the surrounding medium. Thus,
to fully disentangle active and thermal contributions to the
motion demands a more complete understanding of cellu-
lar mechanics. This can be complicated, however, since the
cell contains a heterogeneous network of cytoskeletal bio-
polymer filaments that gives rise to viscoelastic behavior;
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Box 1. Mechanics and fluctuating motion

The way a material responds to external forces depends on its

mechanical properties. One can distinguish different kinds of

materials by their time-dependent response to a shear stress. But

even in the absence of external forces, the thermal motion of a

particle within a material takes on a distinct time-dependence for

different kinds of materials.

For a simple viscous liquid such as pure buffer or a highly dilute

solution of actin filaments (Figure I ,a), the application of a constant

force (shear stress in the left panel) leads to a deformation (shear

strain) that grows with a constant rate (middle panel). A small probe

particle within such a solution not only moves randomly due to

thermal agitation, but the time-dependence of this motion has a very

specific form: that of a random walk, in which the mean-square

displacement (MSD) Dx2
� �

grows linearly with time (right panel).

By contrast, in a purely elastic solid (Figure I, b), the response to an

external shear stress is a (typically small) deformation that does not

change in time, at least after a very short rise time (middle panel).

This deformation actually results in stored elastic energy that can be

recovered when the force is removed and the material returns to the

undeformed state, much as a rubber band does when stretched. In

such a material, thermal agitation will also give rise to motion of a

probe particle. Although this motion is random, it does not

correspond to a random walk, as in a viscous liquid. Rather, the

motion is bounded because the restoring forces of the elastic

medium do not relax or dissipate with time—a large displacement

corresponds to a large energy, no matter how slowly it occurs. In this

case, the MSD remains small and constant, after an initial rise (right

panel).

(Figure I, c) Many materials, including networks of actin filaments

under both in vitro and in vivo conditions, exhibit a viscoelastic

response, being intermediate between purely viscous and elastic

behavior. For a viscoelastic material subject to a constant external

load, the resulting deformation of the material continues to increase,

but with a decreasing rate (middle panel). Likewise, for an embedded

particle in such a system, the MSD due to thermal fluctuations grows

continually, but more slowly than linearly with time. Such subdiffu-

sive behavior is characteristic of soft, especially polymeric materials.

Figure I. . The nature of a material’s response to applied force (e.g. shear stress),

as well as fluctuations within the material (e.g. diffusive motion), depend on

whether the material is viscous (a), elastic (b), or viscoelastic (c).
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moreover, cells typically are continually undergoing time-
dependent restructuring. An important starting point has
thus been the study of reconstituted actin biopolymer
networks and solutions in buffer, where the mechanics
depends on the structural organization, including, for
example, filament density and cross-linking [9–12]. At very
low actin concentrations, where individual filaments do not
interact, the solution behaves as a simple viscous liquid
that flows continuously under a constant applied force (i.e.
shear stress), since the filaments can move easily past one
another (Box 1). By contrast, at very high filament con-
centrations, and particularly in the presence of inter-fila-
ment cross-links, filaments do not flow past one another,
and the network behaves as an elastic solid. Application of
a force leads to a deformation that does not increase with
time. Rather, the network can store elastic energy that
leads to a reversal of the deformation when the force is
removed, much like a rubber band. More generally, recon-
stituted actin networks exhibit both viscous and elastic
behavior, resulting in a slow increase in deformation upon
application of a constant force. A large number of studies
probing the mechanical properties of cells confirm that
cells typically also behave as viscoelastic materials, and
these effects cannot be ignored [13–15].

The mechanical nature of such actin filament networks
is directly reflected in the thermally-induced fluctuating
motion of particles within. This is best described by the
mean squared displacement, Dx2

� �
, or the average of the

square of the distance moved by the diffusing particle (Box
424
1). In a purely viscous solution, thermal agitation causes
probe particles to exhibit a diffusive random walk, where
Dx2
� �

increases linearly with time. Compare this with
directed motion, such as when driving along the highway:
the distance traveled increases in direct proportion to the
time lapsed, so the square of the distance increases as time
squared. By contrast, in a dense and cross-linked recon-
stituted network, thermal agitation does not give rise to
significant diffusive motion of an embedded probe particle;
rather, the particle is stuck within the network and Dx2

� �

does not increase with time. There is, however, some
average motion, which reflects thermal fluctuations of
the network itself, and Dx2

� �
is not actually equal to zero.

For viscoelastic materials between the purely viscous and
purely elastic extremes, Dx2

� �
increases with time, but less

than linearly (Box 1). In general, fluctuating motion within
viscoelastic materials can exhibit a complex time-depen-
dence that reflects the relative importance of elasticity on
different timescales.

Equilibrium cell behavior
If a cell were in true thermal equilibrium, with no motor
activity or other means of creating motion, thermally-
induced fluctuations might be expected to lead to motion
similar to that seen in reconstituted viscoelastic networks.
The behavior expected of an inert probe particle in such a
cell in thermal equilibrium is illustrated by the blue line in
Figure 1. On short timescales,� 1 s, the particle senses the
viscoelastic properties of the cell and its total motion is



Figure 1. Active and passive fluctuating motion. If the cell were in equilibrium

(non-active), the fluctuating movement, Dx2
� �

, of a probe particle would be

expected to initially grow with time, but less than linearly, as shown by the blue

curve for time scales �1 s (Note that <1, �1, denotes approximate slope on a log-

log plot). This is a result of viscoelasticity characteristics of cells and reconstituted

actin networks (lower left panel). On longer time scales (�10 s) the probe particle

movement becomes more hindered due to increasing elastic effects (lower middle

panel). On even longer time scales (�100 s), the probe particle displacement

again grows with time, because of structural relaxations (e.g. filament sliding)

within the network, thereby relaxing the elastic constraints (lower right panel). By

contrast, the cell appears to be actively fluctuating, with enhanced motion, as

shown by the red curve. Initially, a probe particle exhibits a diffusive-like random

walk (upper left panel), with Dx2
� �

exhibiting a linear or slightly greater than

linear increase with time. Elastic effects also slow this enhanced diffusivity on

longer time-scales (�10 s) (upper middle panel). On even longer time-scales, the

network undergoes active remodeling and the motion again increases in time

(upper right panel).
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very small; its displacement increases slowly with time. On
longer timescales the relative importance of elasticity
becomes greater, the particle motion is more hindered,
and Dx2

� �
is then nearly independent of time. Ultimately,

at longer timescales, the network behavesmore liquid-like,
due to structural relaxations (i.e. cross-links unbinding,
filament sliding); thus, the probe particle can again move,
so Dx2
� �

increases. While appealing in its physical simpli-
city, this sort of behavior is, in fact, rarely seen in cells,
primarily because of the ubiquitous activity of molecular
motors and polymerization dynamics in generating
additional forces and in driving the remodeling of the
cytoskeleton.

Insights from acto-myosin studies in vitro
Insight into the fluctuating motion seen in cells has come
through the addition of motor proteins to reconstituted
networks. As also seen in vivo [16], motor activity in such
reconstituted networks can give rise to unexpected beha-
viors that depend sensitively on the physical properties of
the network, specifically the presence of cross-linking
proteins. For example, several studies have shown that
myosin motors can ‘fluidize’ un-crosslinked actin solutions,
as a result of an enhancement of the ability of filaments to
slide past one another [17–19]. By contrast, recent studies
of cross-linked actin networks show thatmyosin can induce
an internal tension on the network, leading to a pro-
nounced increase in its stiffness or elasticity [20,21]. Thus,
if one makes a contractile crosslinked actomyosin network
in a test tube, the network not only pulls strongly against
the walls (perhaps ultimately ripping away and exhibiting
super-precipitation [22,23]), but in the process the network
becomes much stiffer. For such a stiff elastic network, one
would expect limited diffusivity of embedded tracer
particles. Even in such stiffening actomyosin networks,
however, the motion of tracer particles exhibits enhanced
random fluctuations of a nonthermal origin. This suggests
that motor activity at the level of the network need not be
strictly directional [21], as expected, for example, with the
randomly distributed myosin filaments at the leading edge
of cells [24]. The random tracer particle motion appears to
arise from uncoordinated contractile pulses exerted on the
network by the myosin motors; these nonthermal pulses
can lead to motion that has a time-dependence similar to
that of thermal diffusion in a simple liquid, Dx2

� �
increas-

ing roughly linearly with time, but with a much higher
range of motion (amplitude) [25]. This is expected in an
elastic or nearly elastic material, where individual con-
tractile fluctuations lead to step-like motion, in which the
distance moved depends on both the motor force and
stiffness of the network. A series of such repeated con-
tractile fluctuations, uncorrelated with each other, can
result in a random walk.

Fluctuating motion and mechanics in cells
These in vitro studies highlight the interplay between
network mechanical properties and the amplitude of
fluctuations within. Thus, understanding the nature of
random motion in cells requires characterizing both the
magnitude of the fluctuating motion, as well as the cell’s
inherent mechanical or viscoelastic properties. One of the
first attempts to do this was in adherent cells, where
combined optical tweezer measurements of cell mechanics
and passive measurements of the fluctuating behavior of
probe particles suggested an active component to the ran-
dom motion [26,27]. More recent combined measurements
in adherent cells have shown clear evidence of a strongly
active component of random intracellular motion [6,7,28],
although the motion occurring on short time scales, of
milliseconds or less, may still be dominated by thermal
effects [29]. For example, in Dictyostelium cells, timescale
separation has been used recently to extract the signatures
of fluctuating microtubule motor-based activity from ther-
mal fluctuations in the cytoplasm [30]. Similar to findings
in reconstituted actin networks [21,31], these studies
425



Figure 2. Active motion in cells. If the cell were in thermal equilibrium, probe or

endogenous particles and organelles would undergo small-amplitude thermal

motion because of the thick, viscoelastic nature of the cell. Similarly, microtubules

in the cell are so stiff that thermal fluctuations of their shape would be hard to detect.

By contrast, the ubiquitous activity of the motor proteins throughout the cell, and

filament dynamics, lead to motion that couples the surrounding cytoplasm. This

drives the motion of probe particles and all other endogenous particles, and can

result in much larger amplitude fluctuating motion that can have the appearance of

diffusion. Similarly, the tension in the cytoskeletal network induced by motor activity

can, in turn, induce transverse forces (yellow arrow) on microtubules, leading to

shape fluctuations that are sufficiently large to be detectable. If such shape

fluctuations occur during the growth stage of a microtubule, they will result in

large amplitude and long-length-scale bends in the shape of the microtubule, and are

locked in place by the surrounding elastic medium.
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suggest that active fluctuating motion dominates on time
scales longer than 10–100 ms.

The consequences of the motor activity on the fluctu-
ations of a probe particle in a living cell are summarized
schematically by the red curve in Figure 1. At early times
where the total displacement remains small, Dx2

� �

increases with time. The increase can even be nearly
linear, similar to diffusive motion, but the amplitude of
the diffusivity will be significantly larger, because the
driving force is not thermal fluctuations but rather the
random effects of manymotor proteins. Similarly, at longer
times, the motion can resemble that of an elastic network,
with Dx2

� �
being more nearly independent of time. The

amplitude, however, is again larger than it would be for
thermally-induced motion, as the fluctuations result from
motor activity. Ultimately, polymerization and depolymer-
ization of cytoskeletal filaments, as well as the dynamics of
network cross-linkers, result in cell remodeling, and con-
sequently motion of the probe, i.e., an increase of Dx2

� �
.

Although we focus on the random motion of embedded
particles that need not be coupled directly to the network
by cross-linkers or motor proteins, such direct coupling can
enhance the random motion in some cases. For example,
myosin-driven cargoes can exhibit diffusive-like trajec-
tories as they hop from filament to filament in a dense
random actin network [32]. Even on only one filament,
cargo motion can exhibit randomness under the action of
opposing motors [33]. In any case, the net motion will
reflect a contribution from the specific cytoskeleton-associ-
ated process to which the cargo is coupled, in addition to
nonspecific neighboring processes that can give rise to
fluctuations of the cytoskeleton itself [34].

Microtubules as probes of fluctuating motion
The intrinsic connection between mechanical properties
and fluctuating motion has required combined measure-
ments of these two, as discussed above. However, we
recently described a different technique to locally and
non-invasively measure non-thermal forces, thereby par-
tially overcoming this problem [31,35]. The well-charac-
terized mechanical properties of microtubules [36,37]
suggest their use as mechanical probes to measure the
amplitude of cytoskeletal fluctuations. In reconstituted
actomyosin networks in vitro, embedded microtubules
exhibit localized bending fluctuations that were used to
directly measure force pulses of order 10 pN in magnitude
in the surrounding actomyosin network [31]. The network
is viscoelastic, and at low myosin concentration the micro-
tubule fluctuations are sub-diffusive, as with thermal
fluctuations. At high myosin concentrations, however,
microtubule fluctuations appear to transition to a regime
of surprisingly diffusive-like behavior, although this beha-
vior is clearly myosin-driven. In living cells, microtubule
fluctuations also exhibit a roughly diffusive-like behavior,
but of significantly higher amplitude than expected for
thermal motion, even in a simple liquid. When coupled
to the in vivo dynamics of microtubule growth through an
elastic surrounding meshwork, such behavior gives rise to
large length-scale microtubule bends that are locked-in by
the surrounding network, leading to a non-equilibrium
persistence length that is about 100 times smaller than
426
that measured in vitro [35]. Similar diffusive-like, but
active, microtubule fluctuations have been suggested to
lead to enhanced transport of bound cargoes [34]. Micro-
tubule behavior in living cells is influenced by interactions
with other filament systems; for example, networks of actin
and microtubules mutually control each other via direct
mechanical linkages and by molecular signaling [38]. Even
purely stericmechanical interactions between the different
filament systems, however, appear sufficient for the con-
tractile actin-myosin cytoskeleton to affect the organiz-
ation and dynamics of microtubule-dependent processes
in vivo [35] (Figure 2). Indeed, a steric mechanical model
has shed light on the nature of microtubule load-bearing in
cells [39], although the distance over which forces are
transmitted depends on direct mechanical coupling [40].
In any case, the complexity of living cells calls for parallel
approaches using simplified in vitro systems in combi-
nation with intracellular measurements.

Concluding remarks and future perspectives
While the active forces that drive nonthermal fluctuations
in cells act primarily through the cytoskeleton, these
fluctuations can have important consequences for the
transport and stirring of small particles not associated
with the cytoskeleton, such as organelles and perhaps even
individual proteins or protein complexes. This is because of
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the fundamental hydrodynamic coupling of cytoskeletal
filaments to the surrounding cytoplasm: the motion of
the cytoskeleton does not occur in a stationary cytoplasmic
fluid, but drags this fluid along. Thus, fluid dynamics
dictates that the large, active displacements seen for
microtubules must be accompanied by a very vigorous
stirring and fast transport within the cytoplasm. This
‘active diffusion’ could be the dominant motion of individ-
ual proteins in some cases.

Much remains tobedone to fully elucidate thenatureand
magnitude of active fluctuating motion in biological pro-
cesses. However, these recent studies provide compelling
evidence that active fluctuations play an important role in
manyprocesses.Moreover,althoughmanyothermotorsand
polymerization processes can give rise to this activity, in
vitro studies underscore the importance of actomyosin con-
tractility in generating active intracellular fluctuations. By
regulating the level of suchmotoractivity, thesefluctuations
can be tuned tomodulate the cell’s own stiffness, control the
rate of molecular transport by active diffusion, and even
affect the dynamics of biological patterning. Motor-driven
randommotionhas theadvantageover linear transport that
it is not restricted to the cytoskeletal tracks, although a
random dense network of filament tracks could alterna-
tively provide a scaffold for active diffusive-like motion. In
either case, active diffusion can be much faster than ther-
mally driven random motion. Since it can be modulated in
different cells or even spatially within the same cell, active
diffusion could represent a powerful mechanism for control-
ling gradients in signaling molecules known to be estab-
lished by reaction-diffusionmechanisms.We speculate that
recent puzzles surrounding the formation of morphogen
gradients in development could represent examples of the
influence of active diffusive motion on pattern formation in
early development [5,41]. This suggests that the interpret-
ation ofmeasurements of fluctuatingmotion in cellsmust be
reassessed, and the consequences of motor activity on ran-
dom fluctuations must be considered to interpret properly
the results of genetic andmolecularperturbations of the cell.
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