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Intracellular fluid flow in rapidly moving cells
Kinneret Keren1,2,7, Patricia T. Yam1,3, Anika Kinkhabwala4, Alex Mogilner5 and Julie A. Theriot1,6
Cytosolic fluid dynamics have been implicated in cell
motility1–5 because of the hydrodynamic forces they induce
and because of their influence on transport of components
of the actin machinery to the leading edge. To investigate
the existence and the direction of fluid flow in rapidly
moving cells, we introduced inert quantum dots into the
lamellipodia of fish epithelial keratocytes and analysed their
distribution and motion. Our results indicate that fluid flow
is directed from the cell body towards the leading edge in
the cell frame of reference, at about 40% of cell speed. We
propose that this forward-directed flow is driven by increased
hydrostatic pressure generated at the rear of the cell by myosin
contraction, and show that inhibition of myosin II activity by
blebbistatin reverses the direction of fluid flow and leads to
a decrease in keratocyte speed. We present a physical model
for fluid pressure and flow in moving cells that quantitatively
accounts for our experimental data.
Various indirect results4,6 suggest that fluid influx at the leading edge
could play an active part in actin-based cell motility by generating hydrodynamic forces that oppose the membrane load and thus increase the
rate of actin polymerization at a protruding edge. Notably, the expression of aquaporins, which are highly enriched at the leading edge and
increase water permeability of the membrane, accelerates motility and
increases the metastatic potential of melanoma cells4,7. Alternatively,
it has been suggested that intracellular fluid flow towards the leading
edge might contribute to motility by expediting transport of actin and
other soluble proteins to the leading edge8. Direct measurements of
fluid flow in the lamellipodia of moving cells are lacking, as methods for
measuring intracellular flow 9 typically use large organelles or particles
(hundreds of nm to a few μm in diameter), which cannot penetrate
the dense lamellipodial actin meshwork characterized by a pore size
of about 50 nm10,11. As shown below, smaller particles (<50 nm) that
can penetrate the dense actin meshwork diffuse rapidly, severely limiting the sensitivity of fluid flow measurements based on single-particle
tracking in live cells. To overcome this difficulty, we introduced a new

approach in which the direction and magnitude of fluid flow are determined from measurements of the steady-state size-dependent spatial
distribution of inert probes.
Fish keratocytes are a simple and widely used model system for studying the dynamics of the motility process. They are among the fastest
moving animal cells, with average speeds of about 0.3 μm s–1, yet their
motion is extremely persistent, with hardly any change in cell shape,
speed or direction over many minutes12,13. In these cells, any intracellular fluid flow associated with motility should be persistent because
of the steady-state nature of their motion. Furthermore, the broad, flat
and extremely thin (~100–200 nm)10 lamellipodia of these cells alone
are sufficient for persistent motility 12. We set out, therefore, to measure
the fluid dynamics within the lamellipodia of moving keratocytes. We
introduced fluorescent tracers into the cytosol as probes for the fluid
dynamics. For these tracers to faithfully report the motion of the fluid
phase of the cytoplasm, they must have minimal nonspecific interactions
with the surrounding cellular milieu, in particular the actin meshwork
in the lamellipodium. Polyethyleneglycol coating has been shown to
be optimal in reducing nonspecific interactions in both in vivo14 and in
vitro actin networks15, so we chose methoxypolyethyleneglycol-coated
quantum dots (QDs) as probes.
We followed the motion of individual 655QDs in live keratocytes
(Fig. 1) and observed rapid movement in the lamellipodia, characterized by an average apparent diffusion coefficient of D = 1.15 ± 0.5 μm2 s–1
(mean ± s.d., D = MSD(t)/4t with MSD(t) = 〈δr(t)2〉 where δr(t) is the
QD displacement during the time interval t = 0.3 s; n = 37 cells). We
found considerable cell-to-cell variability in the rate of apparent QD
diffusion (Fig. 1c–e), probably reflecting differences in the density and
organization of the lamellipodial actin meshwork among cells16,17. Fluid
flow should induce a bias in the motion of tracer particles as measured by
single-particle tracking. In principle, even a small persistent flow could
be detected by averaging over a large number of particles and/or over
extended periods of time. However, in practice, several limitations set a
lower limit on the magnitude of fluid flow that we can detect in a moving
keratocyte by single-particle tracking 18 (Supplementary Information,
Supplementary Text B2). Within this detection limit (~0.2 μm s–1) we did
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Figure 1 Single-particle tracking of QDs in the lamellipodia of live keratocytes.
(a) Phase-contrast (top) and fluorescence (middle; white line: cell outline)
images of a keratocyte with 655QDs. The QD trajectories during 100 frames
(dt = 0.15 s) are shown in the cell frame of reference (bottom; dots indicates
t = 0). Gaps in the tracks caused by QD blinking are depicted as dashed lines.
(b) MSD(t) = 〈δr(t)2〉 (mean ± s.e.m.) of 655QDs as a function of time lag
calculated on non-overlapping time intervals for data pooled from 12 cells,
acquired with an exposure of 0.008 s and frame interval of 0.038 s. The
MSD was slightly subdiffusive on all the timescales observed (0.038s < t <
10s; Supplementary Information, Supplementary Text B1), with MSD(t) ~ty
and γ = 0.89 ± 0.01. (c) Analysis of the distribution of apparent diffusion
coefficient, D = MSD(t)/4t; t = 0.038 s, for the data shown in b; n = 611
tracks, truncated to 20 time-points, were included in the analysis (individual
QD tracks may be split into several tracks because of long blinking events).
The line represents the error distribution16, assuming a homogenous underlying
diffusion coefficient equal to the mean of the distribution, D = 1.07 μm2 s–1.
The experimental distribution is substantially broader than the error

distribution, reflecting heterogeneity in the surroundings, probably because of
variation in the density and organization of the actin cytoskeleton in different
regions within the lamellipodium, and more substantially between different
cells. (d) Examples of the distribution of apparent diffusion coefficient as in c
for tracks from two different cells; n = 57 (cell A) and n = 105 (cell B) tracks,
truncated to 15 time-points, were included in the analysis. The QDs in the two
cells show markedly different diffusion rates. (e) MSD of 655QDs as a function
of time lag for individual untreated cells (left) and for blebbistatin-treated
cells (right). Each line represents average values for a single cell calculated
on non-overlapping time intervals. The apparent diffusion varied considerably
among individual cells between about 0.4–2.5 μm2 s–1 with an average of
D = 1.15 ± 0.5 μm2 s–1 (mean ± s.d., D = MSD(t)/4t; t = 0.3 s; n = 37 cells)
for untreated cells and D = 0.9 ± 0.3 μm2 s–1 (n = 16 cells) for blebbistatintreated cells. The apparent diffusion coefficient in cells was approximately
an order of magnitude lower than in water (D = 14 ± 0.5 μm2 s–1,
from dynamic light scattering measurements) because of the crowded
intracellular environment19.

not observe a persistent bias in QD motion in the cell frame of reference
in keratocytes (n = 10 cells; Supplementary Information, Fig. S1).
To increase the sensitivity of our fluid flow measurements in the
lamellipodium, we turned to measuring flow-induced effects on the sizedependent distribution of inert probes. Consider a simplified case in which
the lamellipodium is approximated as a thin rectangular box, and persistent fluid flow occurs along its posterior–anterior axis. We assume that
the membrane water permeability is concentrated at the leading edge, as
has been shown in other cell types4,5. In this case, the fluid flow Vf will be
uniform, and the probe distribution n(x) must satisfy the steady-state 1D
V dn
d2 n
diffusion-convection equation, dx2 = − Df dx , giving an exponential probe
distribution, n (x) ∝ exp (–x/L) , where x is the distance from the leading edge, D is the diffusion coefficient of the probe and L = D/Vf . Thus,

forward-directed fluid flow in the cell frame of reference will generate
an accumulation of probe near the leading edge, whereas rearward flow
will cause a depletion of probe at the leading edge. The extent of probe
accumulation depends on the relative magnitude of flow and diffusion
(Fig. 2a, b), so it should be evident for large probes (D ~L0Vf ; L0 ~ 10 μm is
the lamellipodial length), and negligible for rapidly diffusing small probes
(D >>L0Vf ). These results are qualitatively unchanged if the movements of
the particles are not purely diffusive, but have slightly subdiffusive characteristics (Supplementary Information, Supplementary Text C). Our fluid
flow measurements are based on the steady-state nature of the flow. The
typical timescale required for equilibration of the probe distribution is
L0/D ~ 1 min, so our technique is applicable to cells, such as keratocytes,
that show persistent behaviour over such timescales.
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Solving this model analytically in 1D (Supplementary Information,
Supplementary Text A1) gives an expression for the fluid flow speed Vf
as a function of the parameters Pout , Pr , Va , km and kc:
Vf = kc km (Pr − Pout) − km Va
			
(2)
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To measure fluid flow in moving keratocytes, we introduced large
inert probes into the cytoplasm of live cells and determined their distribution in the lamellipodium, using ratio imaging with a small probe
that acted as a volume marker to correct for thickness variations. In
addition to the QDs, we also used large fluorescent dextrans, which
have been previously used to characterize size-dependent intracellular
motion in live cells19, and have little nonspecific interaction. We tested
several large probes (diameter >20 nm; 655QDs (30.5 ± 1 nm), 565QDs
(23 ± 2 nm), 500 kD dextran) in various combinations with several small
probes (diameter <1 nm; AlexaFluor488 free dye, AlexaFluor594 free
dye, 3K dextran). Irrespective of the combination of probes used, we
found enhancement of large probes relative to small probes towards
the leading edge (Fig. 2c, d; Supplementary Information, Figs S2, S3),
consistent with a forward-directed flow in the cell frame of reference,
from the cell body towards the leading edge.
To estimate the magnitude of fluid flow, we measured the distribution
of the 655QDs density, for which we had already measured the apparent diffusion coefficient (Fig. 1). The ratio density along a cross-section
perpendicular to the leading edge (Fig. 2c, bottom panel) was fitted to
an exponential profile n(x) = n0 exp(–x/L) (Supplementary Information,
Fig. S4). The average magnitude of the fluid flow can be estimated from
the average length scale 〈1/L〉 = 0.10 ± 0.02 μm–1 (mean ± s.e.m., n = 30
cells) obtained from this fit, together with the average apparent diffusion
coefficient, 〈D〉 = 1.15 ± 0.1 μm2 s–1 (mean ± s.e.m. at t = 0.3 s, n = 37
cells), giving Vf ~D/L~0.11 μm s–1. Thus, in the cell frame of reference
we observed fluid flow towards the leading edge with a magnitude of
about 40% of cell speed (〈Vcell〉 = 0.27 μm s–1, n = 30 cells).
To understand the origin of this flow, we developed a physical model
describing the behaviour of the cytosolic fluid in a moving lamellipodium (Fig. 3a). In the moving cell frame of reference, let Va be the actin
network retrograde flow rate. The relative velocity between the actin
meshwork and the fluid phase is proportional to the pressure gradient,
according to the Darcy flow equations1,3: Vf –Va = – K P , where Vf is
the fluid velocity, P is the hydrostatic pressure, and K is the cytoskeletal
permeability. As the actin meshwork in keratocytes is nearly stationary
relative to the substrate20,21, we assumed that Va is constant; its magnitude
is equal to cell speed and it is directed rearward. The perpendicular centripetal actin network flow at the cell rear 20–22 did not have a significant
effect on fluid flow in the lamellipodium (Supplementary Information,
Fig. S5) and was therefore disregarded.
The permeability of the lamellipodial membrane is concentrated at
the leading edge4,5, so fluid transport across the membrane will be concentrated there. At the front boundary, the fluid outflux is proportional
to the pressure drop across the membrane: Vf · n|front = km (P – Pout)|front ,
where n is a unit vector locally normal to the front boundary, and km is the
membrane permeability 1,23. At the rear of the lamellipodium, we assumed
a constant pressure, P = Pr = const. Together with the fluid incompressibility condition Vf = 0, we obtained the following equations for the
pressure-flow model:
Vf –Va =– K P; ·Vf = 0;
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Figure 2 Flow-induced size-dependent distribution of probes. (a) The
expected distribution of a large probe diffusing with D = 1 μm2 s–1 as a
function of distance from the leading edge for different flow rates along
the anterior–posterior axis. (b) The expected distribution of a probe as a
function of distance from the leading edge at a constant flow rate of Vf = 0.1
μm s–1 towards the leading edge for different values of the probe’s diffusion
coefficient. (c, d) Confocal images of probe distribution in live keratocytes.
The distribution of small probe (AlexaFluor488 in c, Texas red conjugated
3 kD dextran in d; upper images), large probe (QD655 in c, Fluoresceinconjugated 500K dextran in d; centre images) and the ratio between large
probe to small probe (lower images) are shown. Plots of the probe density
along cross-sections in the central lamellipodium show enhancement of large
probe near the leading edge (lower panel). The density was measured along
the lines shown in the ratio images, and averaged over a width of 2 μm (small
probe,green line; large probe, red line; ratio, black line). Control experiments
measuring the ratio of two small probes (AF488 and AF594) showed a flat
profile (Supplementary Information, Fig. S2). Note that the QDs are excluded
from the region very close (<1 μm) to the leading edge, probably because of
size exclusion by the dense brush-like actin network present there11.

where kc = K/L0 is the hydraulic permeability 1 of the meshwork and L0
is the lamellipodial length. Under normal conditions, the pressure at
the rear of the lamellipodium (Pr) is large enough to sustain forwarddirected fluid flow and overcome the drag of the actin meshwork (the
second term in (2)). This simplified 1D solution neglects the fluid flow
perpendicular to the direction of cell movement, yet it gives the correct
order of magnitude for the average forward flow, and because it is solvable analytically, provides simple insight and estimates.
The full 2D model was solved numerically (Fig. 3c–e; Supplementary
Information, Supplementary Text A2). The hydrostatic pressure drops

nature cell biology VOLUME 11 | NUMBER 10 | OCTOBER 2009
© 2009 Macmillan Publishers Limited. All rights reserved.

1221

LETTERS
a

Pout

Pfront
Myosin

Fluid flow, Vf
kc

Pr

Va
Vf

Pfront km Pout

Pr

Experiment: density

1

0.5
10 µm
0

c

Model: density

5 µm

0

2

4

6

8

0
−2
0
2
4
6
8
Distance from leading edge (µm)

0

Pressure field

0
−2

Side–side

0
−20

0

20

0
Distance (µm)

15

1

0.5

d

Anterior–posterior

Density (a.u.)

b

Large/small ratio (a.u.)

Actin network flow, Va

1

e

0
−15

Fluid velocity field
0.3 µm s–1

0.5

0

Figure 3 Measurements of fluid flow based on the distribution of 655QDs.
(a) An illustration of a keratocyte in the cell frame of reference depicting
the model parameters and variables. Side (left) and top (right) views are
shown. (b, c) The density distribution (left panels) and cross-sections along
the black anterior–posterior (centre panels) and grey side–side (right panels)
lines (averaged over a width of 2 μm) are shown. The experimental results
(b) are compared with the results of a simulation (c) of the steady-state
distribution of 30,000 particles (~ the number of 655QDs in b) diffusing
with D = 1 μm2 s–1 within a fluid flowing with the velocity distribution shown
in e. Note the fluid-flow induced enhancement of QDs near the leading

edge and towards the sides in both the experimental (b) and simulated (c)
distributions. (d, e) The Darcy flow equations described in the text were
solved numerically in 2D (see Supplementary Information for details). The
resulting pressure distribution (d) and fluid flow velocity distribution (e)
are shown. The hydrostatic pressure drops from rear to front and sides and
drives a fountain-like flow against the drag of the actin cytoskeleton. The
fluid encounters more resistance flowing forwards against the retrograde
actin meshwork flow, than flowing towards the sides, hence some of the fluid
escapes to the lamellipodial sides. As the fluid is incompressible, this leads
to a decrease in the flow rate towards the leading edge.

from rear to front and sides (Fig. 3d) and drives a fountain-like fluid flow
against the drag of the actin cytoskeleton (Fig. 3e). Using the measured
diffusion rates (Fig. 1), the model predicts the size-dependent probe distribution in 2D (Fig. 3c), which can be compared directly to our experimental results (Fig. 3b). The model-based distribution nicely captured
the observed enhancement of the large probe near the leading edge, as
well as its accumulation at the lamellipodial wings.
We hypothesized that the increased pressure at the rear of the lamellipodium results from myosin activity. Myosin II is known to localize
towards the rear of the lamellipodium in keratocytes11,24 and contract
the actin meshwork. This contraction creates a compressive stress on the
actomyosin network, which can lead to an increase in the local hydrostatic pressure1. Inhibition of myosin II would therefore be expected
to lead to a reduction in the hydrostatic pressure at the rear of the

lamellipodium and, thus, according to the model (equation (2), with
Pr – Pout ~ 0), to a reversal in the direction of fluid flow. To test the role
of myosin in generating the forward-directed fluid flow, we inhibited
myosin II activity with blebbistatin25 and measured the effect on probe
distribution. We found depletion of the large probe near the leading
edge in blebbistatin-treated cells (Fig. 4a, b; Supplementary Information,
Fig. S2). The average length scale extracted from the probe distributions
was 〈1/L〉 = –0.15 ± 0.04 μm–1 (mean ± s.e.m., n = 25 cells), and the average cell speed was 〈Vcell〉 = 0.17 μm s–1. The difference between untreated
cells in which we found enhancement of the large probe near the leading edge (i.e. 1/L >0) and blebbistatin-treated cells in which the large
probe was depleted from the leading edge (i.e. 1/L <0) was statistically
significant (P <10–4, t‑test on the distributions of 1/L; Supplementary
Information, Fig. S4).
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The full 2D model was solved for a blebbistatin-treated cell by simply changing the boundary condition for the pressure along the rear
to Pr = Pout (that is, equal to the outside pressure), giving the predicted
probe density (Fig. 4c) and fluid velocity field (Fig. 4d) for a blebbistatintreated cell. The pressure in a blebbistatin-treated cell still increases from
front to rear, but only slightly, so the pressure gradient cannot overcome
the actin meshwork drag, and the overall fluid flow is rearward in the cell
frame of reference (Fig. 4d). Again, we found good agreement between
the measured probe distributions (Fig. 4a), and the model-predicted
probe density (Fig. 4c) in the lamellipodium.
Staining of filamentous actin showed that blebbistatin did not alter
the morphology of the actin network near the leading edge (Fig. 4e).
Moreover, single-particle tracking experiments in live blebbistatintreated cells did not reveal any substantial differences with respect to
QD655 behaviour (Fig. 1e). Furthermore, recent work21 has shown that
blebbistatin treatment does not change the characteristics of the actin
network flow in the front lamellipodium. These observations further
support the notion that the differences in QD distribution seen in blebbistatin-treated cells arise from changes in fluid dynamics, rather than
alteration of the actin meshwork.
The contribution of myosin-dependent forward-directed fluid flow
to the motility process has been postulated for a long time2,8,26. In motile
keratocytes, we found a forward-driven fluid flow caused by myosin
activity, with a magnitude of about 40% of cell speed (~0.11 μm s–1)
in the cell frame of reference. Theoretical estimates (Supplementary
Information, Supplementary Text A5, A10) suggest that this forwarddirected fluid flow expedites actin monomer transport to the leading
edge, and slightly increases the hydrostatic pressure there, effects which
could account for a significant (~20%) increase in cell speed in untreated
cells, compared with myosin-inhibited cells. These estimates are consistent with our observations that movement of blebbistatin-treated cells is
about 40% slower than untreated cells; we hypothesize that about half of
this effect is directly related to the myosin-driven forward-directed fluid
flow, whereas the other half is related to the role of myosin in reducing
membrane tension and in increasing the actin monomer concentrations
by promoting actin disassembly at the rear 20,21. Taken together, these
results indicate that forward-directed fluid flow is not essential for cell
motility, yet flow can accelerate the motility process. Finally, any forward
(rearward) directed fluid flow in the lamellipodium generates an outflux
(influx) at the leading edge that must be balanced by a corresponding influx (outflux) at the cell rear. As discussed in the Supplementary
Information, actin–myosin contraction can draw fluid from the surroundings into the cell body, from where fluid can then flow into the
lamellipodium. As the surface area at the rear of the cell is an order of
magnitude larger than that at the leading edge, the associated fluid flow
at the rear would be undetectable.
The existence of a myosin-generated pressure gradient has been documented in other motile cells26. Furthermore, observations in fibroblasts
point to the existence of myosin-dependent rapid transport of actin
towards protruding regions at the leading edge8, which was hypothesized to be at least partially driven by fluid flow towards the edge. The
direction of rapid actin transport observed8 is consistent with our results
in keratocytes, whereas the magnitude of active transport inferred (up
to 5 μm s–1) is substantially higher than our results in keratocytes (~0.1
μm s–1). This difference might be caused by actin-specific myosindependent active transport mechanisms, in addition to fluid flow, or
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Figure 4 Effects of blebbistatin on fluid flow. (a) Confocal ratio imaging of a
cell treated with blebbistatin. The distribution of small probe (upper image),
large probe (centre image) and the ratio between large probe to small probe
(lower image) are shown. Plots of the probe density along a cross-section in
the central lamellipodium show depletion of large probe near the leading
edge (lower panel). The density was measured along the line shown in the
ratio image, and averaged over a width of 2 μm (small probe, green line;
large probe, red line; ratio, black line). (b) The normalized ratio density
profiles as a function of distance from the leading edge along a crosssection in the central lamellipodium for different cells were averaged. The
bold lines and shaded regions represent the mean and standard deviation
(respectively) of the profiles of all cells for untreated (red) and blebbistatintreated (blue) cells. (c) A simulation of the steady-state distribution of
30,000 particles diffusing with D = 1 μm2 s–1 within a fluid flowing with
the velocity distribution showed in d. Fluid-flow-induced depletion of QDs
near the leading edge is visible both in the experimental (a) and simulated
(c) distributions. The comparison between experimental results and model
should be limited to the lamellipodium, as the model does not address
pressure, fluid flow and probe distribution in the cell body at the rear. (d)
The Darcy flow equations described in the text were solved numerically in
2D for a blebbistatin-treated cell (with boundary condition that Pr = Pout;
see Supplementary Information for details) and the fluid flow velocity
distribution is shown. (e) Phase-contrast and fluorescence images of an
untreated and a blebbistatin-treated cell fixed and stained with phalloidin to
visualize actin filaments. The ordered actin meshwork in the lamellipodium
is apparent in both the untreated and treated cell.

alternatively may reflect differences in the dynamics of the motility process in these substantially slower-moving cells. The relative contribution
of fluid flow to motility will depend on the particular dynamics of the
system and on the balance between pressure-mediated and assemblymediated protrusion. These characteristics will vary among cell types,
and even among individual cells within a single cell type17 or individual
cells in a changing environment (Supplementary Information, Fig. S6).
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In cases where membrane permeability at the leading edge is low, theory
predicts that the pressure at the leading edge would increase and this
could significantly assist other force generators there. Alternatively, high
membrane permeability at the leading edge, as in keratocytes, relieves
this pressure but leads to an increased forward-directed fluid flow which
accelerates transport to the leading edge. Importantly our work suggests
that in both cases the effect of myosin-generated contractile pressure at
the rear is beneficial for motility 4,7.
Although improving technologies have enabled detailed observation
of live keratocytes undergoing rapid actin-based motility, and measurement of traction27,28 and protrusive forces29 as well as the dynamic behaviour of specific elements of the motile machinery including actin20,22,
myosin11, components of the membrane13 and adhesive contacts30, the
fluid remained an invisible part of the puzzle. There have been suggestions in the literature for decades2 asserting the importance of the fluid in
cell motility, but experimental observations have been lacking. Here we
show for the first time that fluid dynamics in moving cells can actually
be measured, and this opens the way towards understanding the role of
fluid flow in actin-based cell motility.
METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturecellbiology/
Note: Supplementary Information is available on the Nature Cell Biology website.
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METHODS
Cell culture and sample preparation. Keratocytes were isolated from the
scales of the central American cichlid Hypsophrys nicaraguensis and cultured as
described previously31. Briefly, cells were cultured in Leibovitz’s L‑15 medium
(Gibco BRL, Invitrogen) supplemented with 14.2 mM HEPES pH 7.4, 10%
fetal bovine serum (FBS) and 1% antibiotic-antimycotic (Gibco BRL), and
used 1 day after isolation. 5K methoxypolyethyleneglycol 655QDs or 565QDs
(Qtracker), fluorescein-conjugated 500K dextran, Texas red-conjugated 3K
dextran, AlexaFluor488 free dye, AlexaFluor594 free dye (all from Molecular
Probes, Invitrogen), were introduced into live keratocytes using a small volume
electroporator for adherent cells31. Cells were placed in a 35 mm dish in 1 ml of
culture medium, and the fluorescent probe in 20 μl water was placed directly
onto the cell sample. 655QDs or 565QDs were used at 2 μM for distribution
measurements and at about 2 nM for single-particle tracking. Following electroporation, cells were allowed to recover in culture medium for at least 10
min. To obtain single isolated cells, sheets of keratocytes were disaggregated by
incubation for 5 min in 85% PBS/2.5 mM EGTA pH 7.4 and then returned to
culture medium. For visualizing the actin meshwork, cells were fixed in 4% formaldehyde and stained with TRITC-phalloidin (Molecular Probes). Blebbistatin
(active enantiomer, Toronto Research Chemicals) treatment was performed at a
final concentration of 50 μM blebbistatin in normal medium. Cells were imaged
10–60 min after treatment. Because of the phototoxic effects of blebbistatin on
illumination with wavelength <500 nm32, all pre-acquisition adjustments and
focusing in the confocal ratio imaging were performed with longer wavelength
illumination. No significant effects on cell morphology or speed were observed
>60 s after image acquisition. All single-particle imaging was performed using
longer wavelengths.
Single-particle imaging. Single-particle imaging of 655QDs in motile keratocytes
(~1–20 QDs/cell) was performed in a live-cell chamber at room temperature on
either one of two inverted microscopes. In the first set up, cells were imaged using
a ×60 (NA = 1.45) objective (1 pixel = 0.11 μm). Movies of 500–1000 frames were
collected on an EMCCD (Andor IXON; Andor technology) using either an exposure and frame interval of 0.015 s or an exposure of 0.008 s and a frame interval
of 0.038 s. Alternatively, cells were imaged on a Nikon Diaphot 300 microscope
using a ×40 (NA = 1.3) lens. Images were collected on a cooled back-thinned CCD
camera (MicroMax 512BFT; Princeton Instruments), with a ×2 optovar attached
(1 pixel = 0.17 μm). Phase-contrast images were acquired before and after acquisition of a fluorescence movie of 200–500 frames in the streaming mode at a frame
interval of about 0.15 s, using exposure times of 0.05 s.
Confocal ratio imaging. Ratio imaging of the distribution of small and large
probe in live motile keratocytes was performed at room temperature in a Leica
SP2 AOBS confocal laser scanning microscope with a ×63 oil lens (NA = 1.4).
Two probes, one green (565QDs, fluorescein-conjugated 500kD dextran or
AlexaFluor488 free dye) and one red (655QDs, Texas red conjugated 3kD dextran or AlexaFluor594 free dye), were excited and imaged simultaneously using

acousto-optical beam splitters that spectrally split the emitted light onto two
separate detectors.
Imaging of fixed cells. Images of fixed cells were collected with Zeiss Axioplan 2
using a ×63 oil lens (NA = 1.4). Images were collected on a cooled CCD camera
(MicroMax 512BFT; Princeton Instruments), with a ×2 optovar attached.
Single-particle tracking. Single-particle tracking was performed using custom-written code in Matlab version 7.0 and the image analysis toolbox (The
MathWorks). A Gaussian filter was applied to the raw fluorescence images and
spots were detected by thresholding. Spot positions were calculated as the centre
of mass of the thresholded region, with an accuracy of about 1 pixel. This was
sufficient because the particle movement during the exposure time was larger.
Spots from consecutive images were linked as described previously33. Tracks were
bridged over short QD blinking events (<10 frames). Longer blinking events lead
to the genesis of new tracks.
Ratio distribution measurements. Measurements were performed using custom-written code in Matlab version 7.0 and the image analysis toolbox. The background-corrected intensity profiles of a pair of confocal images (red and green
probe) acquired simultaneously were averaged along identical 2-μm wide (= 17
pixels) cross-sections defined manually across the central lamellipodium. A linear
fit was performed to the log of the ratio between the intensities log(n(x))=log(n0)x/L for x in the range of 1–5 μm from the leading edge, and the best-fit value for
1/L was extracted for each cell. This value did not depend on the normalization of
the intensities. We disregarded cells with obvious distortions in the generally flat
lamellipodium, since they contained dense actin structures in which QDs could
be trapped thus disrupting our analysis. Such distortions were more common in
cells treated with blebbistatin.
Dynamic light scattering. QD size was determined by dynamic light scattering
at 20°C at a concentration of about 0.05 μM QDs in water on a DynaPro 801
instrument (Protein Solutions). The diameter of the 655QDs was measured to
be 30.5 ± 1 nm, and the diameter of the 565QDs was 23 ± 2 nm.
2D simulations. The system of partial differential equations for the 2D hydrostatic pressure and fluid velocity distributions was analysed as described in the
Supplementary Information and solved using the Virtual Cell (http://vcell.org)
biological modelling framework34. The corresponding 2D model is publicly available in the Virtual Cell.
31. Yam, P. T. et al. Actin–myosin network reorganization breaks symmetry at the cell rear to
spontaneously initiate polarized cell motility. J. Cell Biol. 178, 1207–1221 (2007).
32. Kolega, J. Phototoxicity and photoinactivation of blebbistatin in UV and visible light.
Biochem. Biophys. Res. Comm. 320, 1020–1025 (2004).
33. Sbalzarini, I. F. & Koumoutsakos, P. Feature point tracking and trajectory analysis for
video imaging in cell biology. J. Struct. Biol. 151, 182–195 (2005).
34. Slepchenko, B. M., Schaff, J. C., Macara, I. & Loew, L. M. Quantitative cell biology
with the Virtual Cell. Trends Cell Biol. 13, 570–576 (2003).
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Figure S1. Analysis of bias in QD tracks in a moving keratocyte. A histogram of
QD displacements parallel (red, <ǻx>/dt=0.22±0.15µm/s, mean±S.E.M.) and
perpendicular
(blue,
<ǻy>/dt=-0.05±0.15µm/s)
towith
theVcell
direction
of motion
in thearelab
=0.12±0.01µm/s.
Displacements
shown for time
moving
Figure S1 Analysis
of bias in QD tracks
in a moving
keratocyte. A
panel), 75ms (middle panel) and 150ms (lower
histogram of QD
displacements
parallel (red,
<Δx>/dt=0.22±0.15µm/s,
frame
of reference,
from
a single cell movinginterval=38ms
with Vcell(upper
=0.12±0.01µm/s.
panel). The green line depicts the expected Gaussian distribution of
mean±S.E.M.) and perpendicular (blue, <Δy>/dt=-0.05±0.15µm/s) to
areofshown
interval=38ms
(upper
75ms
(middle
panel)2/s.
displacements
for panel),
purely diffusive
motion
with D=0.83µm
the direction ofDisplacements
motion in the lab frame
reference,for
fromtime
a single
cell
and 150ms (lower panel). The green line depicts the expected Gaussian distribution of
displacements for purely diffusive motion with D=0.83µm2/s.
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Figure S2. Size-dependent probe distributions in moving cells. The normalized
ratio density profiles (averaged over a width of 2µm) along a cross section in the
central lamellipodium are plotted as a function of distance from the leading edge.
Profiles taken from images of different cells are superimposed. Top: the ratio of large
edge (N=30 cells). Center: the ratio of large probe to small probe (655QDs/
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Figure S3. Probe distribution as a function of time. Images depicting the ratio of
large probe to small probe (655QDs/ AF488) at two different time points for a single
moving cell. The image on the right was taken 30 s after the image on the left (the
outline of the cell on the left is overlaid on the image on the right). The cell exhibits a
nearly steady-state distribution of probes characterized by enhancement of the large
probe near the leading edge and in the wings.

Figure S3 Probe distribution as a function of time. Images depicting the ratio
of large probe to small probe (655QDs/ AF488) at two different time points for
a single moving cell. The image on the right was taken 30 s after the image on

the left (the outline of the cell on the left is overlaid on the image on the right).
The cell exhibits a nearly steady-state distribution of probes characterized by
enhancement of the large probe near the leading edge and in the wings.

Figure S4. Characterization of the distribution of 655QDs in moving cells. (a) The
profile of the ratio of large probe to small probe (655QDs/AF488) as a function of
distance from the leading edge along a cross section in the central lamellipodium of a
www.nature.com/naturecellbiology
moving cell (Fig.2d, bottom panel), was fitted to an exponential distribution
© 2009 Macmillan Publishers Limited. All rights reserved.
n( x) n0 exp( x L) in the region indicated, with the length scale L as the fit
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probe near the leading edge and in the wings.

Figure S4. Characterization of the distribution of 655QDs in moving cells. (a) The
profile of the ratio of large probe to small probe (655QDs/AF488) as a function of
distance from the leading edge along a cross section in the central lamellipodium of a
moving cell (Fig.2d, bottom panel), was fitted to an exponential distribution
n( x) n0 exp( x L) in the region indicated, with the length scale L as the fit
parameter. Note that L does not depend on the total intensity of the signal, but only on
in a population of N=30 cells. The variation among cells can be attributed
Figure S4. Characterization of the distribution of 655QDs in moving cells.
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Figure S5. The effect of centripetal actin network flow on fluid flow. The 2D
model was solved numerically as described in the text in the presence or absence of
centripetal actin network flow at the rear. The results shown in (a) were obtained
under the simplifying assumption that the actin
network retrograde flow is rearward
gradient decreases, but the effect is relatively small. The sideways component
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Figure S6. Local changes in osmolarity near the leading edge affect protrusion
rate. A glass micropipette controlled by a micromanipulator was used to flow water
or 0.9 M sorbitol near the leading edge of moving cells in culture media. A
fluorescent marker (AF488, Molecular Probes) was added to allow visualization of
edge
of the micropipette
apparentto
in the images)
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Figure S7. Effects of the “dynamic error” on the MSD. The experimental MSD
(blue) is plotted as a function of time lag for data pooled from 16 cells acquired with
an exposure of dt=0.015 s. The subdiffusive exponent Ȗ=0.89±0.02 was calculated
from data points t n  dt 20 d n d 40 . The black line depicts pure subdiffusive
motion with Ȗ=0.89, MSD~tȖ. The red line depicts the expected MSD for such motion
(Ȗ=0.89, true MSD~tȖ) when the contribution from the “dynamic error” is included.
MSD~tγ. The reddata
line depicts
the expected
Figure S7 Effects
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observed in γ=0.89,
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is included. The seemingly diffusive behavior observed in
16 cells acquired with an exposure of dt=0.015 s. The subdiffusive
exponent γ=0.89±0.02 was calculated from data points t = n * dt
20 ≤ n ≤ 40 . The black line depicts pure subdiffusive motion with

www.nature.com/naturecellbiology

the experimental data at short time scales appears to be an artifact
associated with the “dynamic error”.

© 2009 Macmillan Publishers Limited. All rights reserved.

7

Supplementary Text
Intracellular fluid flow in rapidly moving cells

Kinneret Keren, Patricia T. Yam, Anika Kinkhabwala, Alex Mogilner and Julie A.
Theriot

A. Supplementary model
A1. Pressure gradient and cytoplasmic flow across the lamellipodium: 1D model
In the framework of a steadily crawling cell, the actin meshwork moves rearward at a
constant rate Va , nearly equal to the cell’s speed1, 2. We assume that the membrane water
permeability is concentrated at the leading edge, as has been shown in other cell types3.
Since the lamellipodium is essentially flat, the incompressibility of the fluid and the low
volume fraction of the actin network imply that the cytoplasmic fluid flow should be
approximately constant along that axis. We denote the fluid flow rate in the cell frame of
reference, V f (positive when the flow is directed toward the leading edge); the pressures
outside, at the lamellipodial rear (generated by myosin) and at the leading edge
by Pout , Pr , Pfront , respectively; and the cytoskeleton and the membrane permeabilities

kc and km , respectively. The equation for flow at the leading edge has the form (see Fig.
3a):
V f = km ( Pfront − Pout )
(1)
In the lamellipodium, the Darcy flow equation reads:
Va + V f = kc ( Pr − Pfront )

(2)

The cytosol drifts towards the leading edge with a rate (Va + V f ) relative to the actin
meshwork; this drift is maintained by a pressure gradient across the lamellipodium
proportional to ( Pr − Pfront ) . The model parameters are kc , km , Va , Pout , Pr , while V f and

Pfront are the unknown variables. We do not consider in detail the flow of the cytoplasmic
fluid from the lamellipodial rear into the voluminous cell body; because of the large
volume and surface of the latter, the lamellipodial flow would decelerate orders of
magnitude upon entering the cell body (see also discussion below). Similarly, we do not
analyze the pressure in the cell body and its relation to that at the rear of the
lamellipodium, because neither myosin contraction nor osmotic equilibrium in the cell
body were studied.
Solving equations (1-2), we find the leading edge pressure and fluid drift:
km
kc
Va
Pfront =
Pout +
Pr −
(3)
kc + km
kc + k m
kc + k m
kk
km
(4)
V f = c m ( Pr − Pout ) −
Va
kc + k m
kc + k m

1
© 2009 Macmillan Publishers Limited. All rights reserved.

In untreated cells, where Pr > Pout , equations (3-4) predict that the pressure at the leading
edge goes up (due to the hydrostatic pressure generated by myosin contraction), and that
fluid is driven forward (in the cell frame of reference) by myosin-generated pressure at
the rear as observed (Figs. 2,3; Fig. S2).
When myosin contraction is inhibited, it is reasonable to assume that the pressure
at the rear drops to its level outside the cells, so Pr ≈ Pout and,
km
(5)
Vf ≈ −
Va .
kc + k m
Thus the fluid in this case is predicted to flow against the direction of locomotion: the
lamellipodium is like an earth-worm eating its way through the aqueous environment.
Our measurements in blebbistatin treated cells (Fig. 4; Figs.S2, S4) demonstrate that in
this case both cell speed and the rate of fluid flow are similar, ~ 0.15μ m / sec , which is an
indication, according to (5), that the membrane permeability is higher than the
permeability of the cytoskeleton: km > kc . Indeed, physically, V f ≈ −V0 means that the

highly viscous cytosol ‘sticks’ to the actin meshwork and passively moves with it,
unhindered by the necessity to pass through the membrane. For specificity, we assume
that km ≈ 3kc , though qualitatively all conclusions of the model hold with other
permeability ratios as well.
We can analytically solve the stationary diffusion-drift equation for the probe’s
concentration along the posterior-anterior axis of the lamellipodium (in the 1D model, the
d 2n
dn
= 0 . As the cell membrane is
concentration does not vary laterally): D 2 + V f
dx
dx
dn
⎛
⎞
impermeable to the probe, the flux of the probe is equal to zero: ⎜ − D − V f n ⎟ = 0 . The
dx
⎝
⎠
solution of this simple linear differential equation gives an exponential concentration
profile: n( x) ∝ exp(− x L) where x is the distance from the leading edge and L=D/Vf .
Thus, fluid flow toward the leading edge in the cell frame of reference causes an
exponential accumulation of the probe near the leading edge, whereas flow toward the
cell body (as in blebbistatin-treated cells) leads to exponential accumulation of the probe
toward the rear.
A2. Pressure gradient and cytoplasmic flow across the lamellipodium: 2D model

The Darcy flow equations for the cytoplasmic fluid flow in 2D are:
G G
G
V f − Va = − K ∇P, ∇ ⋅V f = 0 .
(6)
G
G
Here P is the pressure field, V f is fluid velocity, and Va is the velocity of the actin
meshwork in the cell frame of reference. We assume that the actin meshwork velocity in
G
the cell frame of reference, Va , is constant; its magnitude equal to the cell speed Vcell , and
it is directed to the rear. This simplification is justified since the lamellipodial actin

2
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meshwork is known to be nearly stationary relative to the substrate1, 2. Note that at the
rear of the cell, a strong centripetal actin flow is observed1, 2. As shown in the following
section, the contribution of this centripetal actin flow at the cell rear to the fluid flow in
the lamellipodial region which we model is limited.
The boundary conditions for the Darcy flow equations are as follows. At the rear,
P = Pr = const . At the front boundary, the outflux of water is proportional to the pressure
G G
G
drop across the membrane: V f ⋅ n | front = km ( P − Pout ) | front , where n is a unit vector locally
normal to the front boundary, and km is the membrane permeability. To solve the Darcy
G G
flow problem, we differentiate equation (6): ∇ ⋅ V f − Va = − K ΔP and use the
G
G
G
incompressibility condition ∇ ⋅V f = 0 and the assumption that Va is constant, so ∇ ⋅Va = 0 ,

(

)

to obtain the Laplace equation for the pressure: ΔP = 0 . We can also re-write the front
boundary condition as:
G G
G
1 G G
G
G
V f ⋅ n | front = Va − K ∇P ⋅ n | front = km P | front → ∇P ⋅ n | front =
Va ⋅ n − km P | front
K
Thus, we first solve the pressure problem numerically:
1 G G
G
ΔP = 0, P |rear = Pr , ∇P ⋅ n | front =
Va ⋅ n − km P | front
(7)
K
Then, we compute the fluid velocity as:
G
G
V f = Va − K ∇P
(8)

(

)

(

(

)

)

Finally, using this velocity we numerically solve the stationary diffusion-drift equation
for the probe’s concentration, C :
G
∇ ⋅ D∇C − V f C = 0
(9)
with no flux boundary conditions (i.e. the probe cannot move across the cell membrane).
Note, that in 1D the no flux boundary conditions imply that there is no flux of probe
G
inside the lamellipodium, so equation, ∇ ⋅ D∇C − V f C = 0 , can be integrated and yields
G
the simpler equation D∇C − V f C = 0 which describes the probe’s density. However, in

(

)

(

)

2D, the picture is not so simple: there can be circular fluxes, and in fact, we find that
there are such small circular fluxes near the lamellipodial sides.
We solved equations (7-9) numerically using the Virtual Cell (http://vcell.org)
biological modeling framework4. The corresponding 2D model is publicly available in
the Virtual Cell. The lamellipodial geometry was defined by the front and rear boundaries
which were approximated with elliptical arcs; the aspect ratio of the virtual
lamellipodium was close to 3. We used the constant pressure at the rear, Pr , as the unit of
pressure, the lamellipodial width, L0 = 10 μ m , as the unit of length, and half of the
retrograde actin flow rate, Va = 0.25μ m / s , as the unit of speed. In these units, the nondimensional value of the parameter K used in the simulations was K = 4, and km / K = 3 .

3
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These values correspond to dimensional physical parameters as discussed below. We also
used the measured diffusion coefficient D = 1μ m 2 / s .
The simulation of an unperturbed cell (Fig. 3) shows a pressure decrease from
rear to front (Fig. 3d) creating a forward-directed fluid flow moving against the
retrograde actin meshwork flow (in the moving cell frame of reference; Fig. 3e). The
fluid flow is not exactly forward; rather it is centrifugal from the cell rear to the front
boundary(Fig. 3e), so that near the sides there is a large sideways component of the flow
of fluid seeping through the lamellipodial sides outward. Because of this centrifugal flow
pattern, the large probe density increases not only from rear to front but also from center
to sides (Fig. 3c). Note the good qualitative fit between the experimental and theoretical
probe density distributions. Both measured and predicted (Fig. 3b-c) posterior-anterior
densities have linear profiles. This implies that the forward component of the fluid
velocity at the center actually decreases from rear to front, since a constant rearward fluid
velocity (as predicted by the 1D model) would generate an exponential, rather than linear,
probe density profile. Note also that the 2D theory captures the observed significant
increase of the large probe density toward the lamellipodial sides (Fig. 3b-c).
To simulate a blebbistatin-treated cell, we simply changed the boundary condition
for the pressure along the rear to Pr = Pout (i.e. equal to the outside pressure). The
simulations present the anticipated changes in the pressure field, the large probe density
(Fig. 4c) and the fluid velocity (Fig. 4d) throughout the cell. The pressure in a
blebbistatin-treated cell still increases from front to rear, but only slightly, so the pressure
gradient can not overcome the actin meshwork drag and the overall fluid flow is expected
to be rearward in the cell frame of reference (Fig. 4d). In agreement with the data, the
calculated large probe density in the cell increases exponentially from front to rear (Fig.
4) indicating an almost constant backward fluid velocity (Fig. 4d). Note that the theory
also predicts the observed increase in the large probe's density at the sides (Fig. 4c), but
this increase is shifted to the very rear.
A3. 2D results in the presence of centripetal actin network flow

To investigate the effect of centripetal actin network flow on the fluid flow in the
lamellipodium1, 2, we added the centripetal flow to the actin retrograde flow as follows
(Fig. S5):
G
G
G
G
x
Va = −Va × j − Va × × exp ( − y / l ) × i + Va × exp ( − y / l ) × j .
W
The first term describes a constant rearward flow; its speed is Va = 0.25μ m / s , and its
G
direction is opposite to the y-axis direction (described by the unit vector j ). Note that this
is the only term taken into account in the simplified 2D model discussed in the previous
section (Fig. S5a). The second term is responsible for the side-to-side component of the
G
centripetal flow, where W is the half-width of the lamellipodium, and i is a unit vector in
the x-axis direction. The x-axis is perpendicular to the direction of movement, and x = 0
corresponds to the middle of the cell. The y-axis is parallel to the direction of movement,
4
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and y = 0 corresponds to the rear of the modeled lamellipodial region. The sideways
component of the centripetal flow speed decreases linearly inward along the long axis of
the lamellipodium. Such a decrease has been observed experimentally1, 2 , but not
quantitated, so we approximate the decrease as linear for simplicity. The speed of the
centripetal flow at the wings of the lamellipodium is approximately equal to the
retrograde flow speed1, 2. Furthermore, the magnitude of the flow decreases from the rear
of the lamellipodium forward1, 2 modeled by a decreasing exponential function, in which
the constant l ~ 2μ m is the characteristic width of the zone of significant centripetal flow
at the rear. The third term in the formula for the actin flow describes the forward
component of the myosin-powered actin flow at the rear. Qualitatively, this component
seems to be relatively constant along the x-axis and decreases along the y-axis1, 2. In the
model, this behavior is represented by an exponential decrease in the y direction. The
resulting retrograde flow in the framework of the moving cell (see Fig. S5b, top panel)
looks qualitatively similar to that measured1, 2.
To compute the resulting fluid flow, we differentiate equation (6):
G G
G
∇ ⋅ V f − Va = − K ΔP and use the incompressibility condition ∇ ⋅V f = 0 to obtain
G
G
K ΔP = ∇ ⋅ Va . The divergence of the first, constant term in the expression for Va is equal
to zero, but the divergence of the second and third centripetal terms is equal to the
⎛1 1 ⎞
function −Va ⎜ + ⎟ × exp ( − y / l ) . Thus, instead of the equation ΔP = 0 for the pressure,
⎝l W ⎠
we solve the following equation:
V (l + W )
ΔP + a
× exp ( − y / l ) = 0 .
KlW
The boundary conditions in the presence of centripetal actin flow are unchanged. We
solved this equation numerically as described in the previous section. Then, we compute
the fluid velocity using equation (8) and the probe’s concentration using equation (9).
These calculations lead to the results shown in Fig. S5b. Comparison of the pressure
distributions with and without the centripetal actin flow, shows that the additional actin
flow increases the pressure in the lamellipodium making it closer to the pressure in the
cell body and decreasing the pressure gradients. The reason is clear: the centripetal actin
flow imposes inward drag on the fluid that increases the pressure. However, the effect is
relatively small; differences in the pressures with and without centripetal actin flow are
maximal at the center of the leading edge, where they amount to ~ 30%. Elsewhere, they
are much smaller.

(

)

Fig. S5 also shows the predicted velocities of the fluid flow. The additional
centripetal actin flow leads to a decrease in the sideways component, Vx , of the fluid flow,
with the largest change (~ 30%) at the rear sides of the lamellipodium because the
centripetal flow drags the fluid inward partially canceling the effect of the hydrostatic
pressure. Similarly, the forward/backward component, Vy , of the fluid flow are reduced at
the sides of the lamellipodium. The anterior-posterior forward flow in the middle of the
cell accelerates ~ 20%, because the centripetal actin flow drags the fluid inward at the
rear, and then the fluid, due to the incompressibility, escapes forward.
5
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The bottom panels in Fig. S5 show the predicted probes’ distribution. As
intuitively expected the concentration decreases at the lamellipodial sides and increases at
the middle of the lamellipodial front, because the centripetal actin flow drags the fluid
and probe with it from the sides into the center. The differences in concentrations are at
most ~ 30%. Note that neither the qualitative fountain character of the predicted fluid
flow nor the order of magnitude of the flow rate change.
A4. Estimates of the membrane and hydraulic permeabilities

kc/
using the formula for the
The hydraulic permeability can be estimated as kc =
φ L0
/
c

hydraulic conductivity of the cytoskeleton k ≈

l2

ηφ

1/ 3

5

, where l ~ 50nm is the effective

pore (mesh) size in the cytoskeleton, η = 10−2 pN ⋅ sec/ μ m 2 is the effective viscosity of
the cytosol, and φ ~ 0.5 is the cytoskeletal volume fraction. Thus, the order of magnitude
of the hydraulic permeability is:

( 0.05μ m )
μ m3
l2
−2
~
~
10
.
kc ≈
pN ⋅ sec
η L0φ 4 / 3 (10−2 pN ⋅ sec/ μ m 2 ) × 10μ m × 0.54 / 3
2

(10)

kosm vw 5
, where
RT
R = 8.3 J / mol ⋅ K is the universal gas constant, T ≈ 300 K is the absolute temperature,
vw = 20ml / mol is the partial molar volume of water, and the osmotic water permeability
for pure lipid membranes6 kosm ~ 10μ m / sec , so,

The membrane permeability can be estimated using the formula km =

km ~

(10μ m / sec ) × ( 20ml / mol ) ~ 10−7 μ m3 .
pN ⋅ sec
(8.3J / mol ⋅ K ) × ( 300 K )

Thus, membrane permeability for pure lipid membranes is five orders of magnitude less
than the cytoskeletal permeability. Aquaporins increase the membrane conductivity up to
two orders of magnitude6 (the osmotic water conductivity becomes kosm > 102 μ m / sec ),
so the membrane permeability could easily increase to,
103 μ m / sec ) × ( 20ml / mol )
(
μ m3
.
(11)
km ~
~ 10−5
pN ⋅ sec
(8.3J / mol ⋅ K ) × ( 300 K )
Note that this estimate gives the average permeability over the entire cell surface. It is
known that the membrane structure and biophysical properties at the leading edge of
keratocytes are different from those elsewhere in the cell7. Moreover, preferential
localization of aquaporins at the leading edge of moving cells has been observed3. Such
localization would lead to a non-uniform distribution of membrane permeability to water
across the cell surface, with exceptionally high permeability at the very leading edge of
the motile cell. In order for the cytoplasmic flow to be of the measured order of
magnitude, the cytoskeletal permeability and the membrane permeability at the leading
6
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edge have to be of the same order of magnitude, kc ~ km ~ 10−2

μ m3

, suggesting that
pN ⋅ sec
indeed the leading edge in keratocytes is characterized by substantially higher
permeability than other regions of the cell membrane. As discussed below, this is further
supported by analysis, which indicates that the observed fluid flow pattern is inconsistent
with a uniform distribution of membrane permeability along the dorsal surface.
A5. Effects of the hydrostatic pressure associated with fluid flow

Using the assumption km ≈ 3kc , equation (4) and the estimate of the cytoskeletal
permeability given above, we can estimate the pressure at the lamellipodial rear from the
1D model:
kc k m
k
( Pr − Pout ) = 0.75kc ( Pr − Pout ) = V f + m V0 = V f + 0.75V0
kc + km
kc + k m
V + 0.75V0
pN
≈ 35
(12)
( Pr − Pout ) = f
μ m2
0.75kc
in untreated cells. This estimate fits well with various indirect estimates in the literature
of the magnitude of the contractile stress at the lamellipodial rear8, 9, all of the order of
pN
~ 100
. From equation (1), we find that in this case the pressure at the leading edge
μ m2
is:
Vf
pN
~ Pout + 3
(13)
Pfront = Pout +
μ m2
km
so the flow caused by contraction at the rear augments ratchet-generated protrusive force.
The respective fluid-induced contribution is small – according to both theoretical
estimates, and direct measurement, the characteristic actin growth-generated protrusive
pN
pressure at the leading edge is ~ 103
. However, measurements9 illustrate that the
2
μm
rate of protrusion can be very sensitive to small changes in the protrusive force. It is
worth noting that in blebbistatin-treated cells, the pressure drops to:
V
pN
,
Pfront ≈ Pout − 0 ~ Pout − 10
μ m2
km
and this drop may contribute to the observed slowing down of blebbistatin-treated cells.
Finally, note that the height of the lamellipodium does not change significantly
from front to rear. Considering the elevated hydrostatic pressure of the cytoplasm, this
implies that the dorsal membrane surface has to be mechanically associated with the
underlying actin network connected to the ventral surface through adhesions. The

7
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pN 10
) is high enough to
μ m2
pN
.
withstand the characteristic hydrostatic pressure of tens of
μ m2
lamellipodial actin network rigidity (Young modulus ~ 104

A6. Membrane permeability is concentrated at the leading edge

The following calculation presents a strong theoretical argument in favor of the
hypothesis that the membrane is much more permeable at the leading edge than at the
dorsal surface. Let us denote the permeability per unit area of the dorsal surface by kd . In
1D, let v( x) be the fluid flow in the lamellipodium in the cell frame of reference, as a
function of the distance from the rear edge toward the front, and p ( x) be the pressure in
the lamellipodium. If the dorsal surface is highly permeable to water, then the outflux of
water through the dorsal surface is ~ kd L0 [ p ( x) − Pout ] , where L0 is the lamellipodial
length. Due to incompressibility, this outflux would decrease the flow rate from the rear
to the front of the cell according to the simple equation:
dv kd
= [ Pout − p( x) ] ,
(14)
dx h
where h is the height of the lamellipodium. The pressure gradient along the
lamellipodium can be found from the Darcy flow equation:
dp −1
= [ v( x) − Va ] .
(15)
dx kc/
Differentiating (14) and substituting (15) into it, we obtain the following equation:
d 2 v ' kd
=
v ' , where v ' = v( x) − Va . The biologically relevant solution predicts an
dx 2 kc/ h
exponential decrease of the flow rate in space from the rear toward the front of the
lamellipodium:
v( x) ~ exp [ x / l ] , l ~ kc/ h / kd

(16)

on a spatial scale given by l ~ kc/ h / kd . This implies that unless the dorsal surface
permeability kd is small enough, the flow velocity should be noticeable only at the very
rear of the lamellipodium, in which case the probe distribution across most of the
lamellipodium would be uniform on average. This is inconsistent with our observations
(Figs.2,3). Therefore, the parameter l has to be greater than L0 : kc/ h / kd > L0 , or
kd < kc ( h / L0 ) ~ 10−2

μ m3

× ( 0.1μ m /10μ m ) ~ 10−4

μ m3

, which is very likely
pN ⋅ sec
pN ⋅ sec
given estimates of the membrane permeability above. This result is consistent with the
localization of aquaporins preferentially at the leading edge3. This 1D argument does not
change in the 2D case, since the orders of magnitudes of all the characteristic lateral
lengths and velocities are the same as those in the anterior-posterior direction, and we do
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not expect drastic changes of the material properties of the cytoskeleton across the
lamellipodium.
A7. Inhomogeneities and their effect on fluid flow and probe distribution

Let us demonstrate, first, that the probe density fluctuations depend mostly on spatial
inhomogeneities of the diffusion coefficient (mostly due to structural variations in the
actin meshwork), and not on fluctuations of the fluid velocity. Let us write the stationary
G
diffusion-drift equation for the probe concentration: ∇ ⋅ D∇C − V f C = 0 in the form:
G G
∇ ⋅ ( D + d ) ∇ ( C + c ) − V + v ( C + c ) = 0 , where D is the average constant diffusion

(

(

)

(

)

)

coefficient, d is the small variable part of the diffusion coefficient, C is the computed
G
smooth probe density distribution, c is the small fluctuating part of the density, V is the
G
computed smooth fluid velocity, and v is the small fluctuating part of the velocity. Let us
consider the spatial inhomogeneities on the short, micron scale, compared to the long,
tens of microns lamellipodial size, and assume that the fluctuations of the diffusion
coefficient, probe density and velocity are relatively small. Then, in the linear
approximation, the following equation governs the density fluctuations:
G
DΔc − V ⋅∇c ≈ − ( ∇C ) ⋅ ( ∇d ) . In other words, inhomogeneities of the velocity only
perturb the density fluctuations in an insignificantly small way compared to the
inhomogeneities of the diffusion coefficient, provided that the velocity fluctuations are
not much greater than those of the diffusion coefficient. The estimate below suggests that
indeed the velocity fluctuations are of the same order of magnitude as inhomogeneities of
the diffusion coefficient.

G
Simply speaking, equation DΔc − V ⋅∇c ≈ − ( ∇C ) ⋅ ( ∇d ) predicts that local
maxima of the probe density should correspond to local minima of the diffusion
coefficient, and visa versa. Local minima (maxima) of the diffusion coefficient should
correspond to the local maxima (minima) of the actin meshwork density. This implies
that the spatial fluctuations of the actin meshwork and the large probe density should
correlate. The estimate below also shows that spatial fluctuations of the fluid flow are
determined mainly by spatial fluctuations of the diffusion coefficient, and ultimately, of
the actin density. However, there is no direct correspondence between the maxima
(minima) of the flow speed and those of the actin filament density, so there is no easy
way to predict the inhomogeneities of the fluid flow. Nevertheless, it is unlikely that there
is a channel-like flow in the lamellipodium, because the estimates below suggest that the
flow speed fluctuations are of the same order of magnitude as those of the actin filament
density, and the latter are not great.

9
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A8. Estimate of fluid flow fluctuations

Let us assume that the permeability of the cytoskeleton varies from point to point:
G
G G
V = Va − K ( x, y ) ∇P , ∇ ⋅ K ( x, y ) ∇P − Va = 0 , and that there is a small variable
G G
G
G
G
G
component of the actin flow velocity: Va = Vaconst + va = Vaconst + v (1) ( x, y ) i + v (2) ( x, y ) j ,
G
G
where i and j are the unit vectors in the direction of the x- and y-axis, respectively. Then,
G
∂v (1) ∂v (2)
∇ ⋅ Va = va =
+
. Rewriting the Darcy flow equation in the form:
∂x
∂y
∂ ⎛ ∂P ⎞ ∂ ⎛ ∂P ⎞
⎟ = va , and separating the small fluctuating parts of the
⎜K
⎟+ ⎜K
∂x ⎝ ∂x ⎠ ∂y ⎝ ∂y ⎠
permeability and pressure from their smooth distributions:
K ( x, y ) = K + k ( x, y ) , P ( x, y ) = P0 − α y + p ( x, y ) , we can write the linear

(

)

approximation for the variable part of the pressure:
⎛ ∂2 p ∂2 p ⎞
∂k
+ va .
K ⎜ 2 + 2 ⎟ ≈α
∂y ⎠
∂y
⎝ ∂x
Expanding the fluctuations of the variables into Fourier series (here we do not do the
analysis rigorously, but only estimate the magnitude of the fluctuations, so we do not
bother with the boundary conditions and limits of the series):
k ( x, y ) = ∑ kq , g eiqx eigy , v (1) ( x, y ) = ∑ vq(1), g eiqx eigy , v (2) ( x, y ) = ∑ vq(2), g eiqx eigy ,
va ( x, y ) = ∑ ( iqvq(1), g + igvq(2), g ) eiqx eigy , p ( x, y ) = ∑ pq , g eiqx eigy

we obtain the amplitude of the harmonics of the pressure fluctuations:
α gkq , g + qvq(1), g + gvq(2), g
pq , g ≈ −i
. Substituting these into the Darcy flow equations:
K ( q2 + g 2 )
G G
G
G
G
V = Va − K ( x, y ) ∇P = Vaconst + va ( x, y ) − ( K + k ( x, y ) ) ( −α j + ∇p ) ≈
G
G
G
G
,
Vaconst + Kα j + ( va ( x, y ) − K ∇p + α jk ( x, y ) )

G

(

)

v

we find the expression for the fluctuations of the fluid velocity:
G
G
G
v = ∑ ( ivqx, g + jvqy, g ) eiqx eigy , where the amplitudes of the harmonics are given by the
formulae:
g 2 vq(1), g − α qgkq , g − gqvq(2), g y
q 2 vq(2), g + α q 2 kq , g − gqvq(1), g
x
, vq , g =
vq , g =
.
( q2 + g 2 )
( q2 + g 2 )

The fluctuations of the actin network flow in space are negligible2 because of the very
high effective viscosity of the actin gel, so respective amplitudes vq(1),g , vq(2),g can be
neglected. The wave numbers q and g are of the same order of magnitude, so by order of
magnitude, the fluid velocity fluctuations are simply determined by the spatial
fluctuations of the permeability of the cytoskeleton: vqx, g , vqy, g ~ α kq , g . The latter are likely
to co-localize with the fluctuations of the diffusion coefficient. Note however, that there
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is no simple direct correlation between the location of the maxima (minima) of the fluid
velocity and those of the permeability.
A9. Pressure and flow in the cell body

Any influx/outflux at the leading edge must be balanced by a corresponding
outflux/influx at the cell rear. However, as the surface area at the rear of the cell is an
order of magnitude larger than that at the leading edge (due to the much greater thickness
of the cell body compared to the lamellipodium), the associated fluid flow at the rear
would be undetectable. Still, any net fluid flow in the lamellipodium either toward the
leading edge (under normal conditions) or away from it (when myosin is inhibited), must
be balanced at the rear by influx from or outflux into the cell body, as well as the
outflux/influx between the cell body and the aqueous environment around the cell. We do
not analyze these processes in detail due to lack of data regarding the structure and the
biophysical properties of the cell body, but discuss a few relevant issues below.
The membrane area around the cell body (roughly a half sphere with R ~ 5μ m
radius) is of the order of 2π R 2 ~ 150 μ m 2 . The area of the leading edge through which the
fluid flows is of the order of 25μ m × 0.15μ m ~ 4 μ m 2 . Therefore, in order to balance the
amount of fluid flowing out of (into) the leading edge and into (out of) the cell body, the
rate of flow at the cell body surface has to be ~ ( 4 μ m 2 /150μ m 2 ) × 0.1μ m / sec ~

0.0025μ m / sec . Flow of this magnitude (just a few nanometers per second) would be
undetectable. Furthermore, in order to maintain such flow, when the membrane
μ m3
permeability is of the order of ~ 10−5
(see above), a pressure of the order
pN ⋅ sec
pN
(characteristic for the cell rear; see above) would be sufficient. If the
of ~ 100
μ m2
membrane permeability around the cell body is a few-fold higher than that, then even
smaller pressures would suffice. When myosin is inhibited, the cell simply ‘moves
through the fluid as an earthworm’: fluid enters the leading edge through the relatively
‘transparent’ membrane there and exits through the much larger surface area around the
cell body. Under normal conditions, myosin contracts the actin cytoskeleton in the
vicinity of the cell body, and this contraction pushes the cytoplasm toward a region of
lower pressure at the leading edge. In addition, by contracting from the rear of the cell
body toward its front 11, the actin-myosin network could ‘drag’ the fluid forward in the
cell body and create an effective suction at the cell body surface and thus ‘pump’ fluid
into the cell body from the environment.
A10. Effect of fluid flow on transport of actin monomers and actin accessory proteins

Here we consider the actin monomer transport in a steadily moving lamellipodium of
length L0 . Actin polymerization occurs mainly at the leading edge, while disassembly
11
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occurs throughout the lamellipodium 1. For simplicity, let us consider the extreme case in
which all actin network disassembly takes place at the very rear of the lamellipodium; in
this case actin monomers have to be recycled across the whole lamellipodium, and their
transport is the most sensitive to cytoplasmic flow. Then, the following reaction-diffusion
equation describes the steady state actin monomer distribution in the lamellipodium12:
d 2g
dg
(17)
D 2 +Vf
=0
dx
dx
where the x-axis is directed toward the rear and its origin is at the leading edge, g(x) is the
actin monomer concentration, Vf is the cytoplasmic drift (positive when the flow is
directed toward the front of the cell), and D is the effective diffusion coefficient of actin
monomers. This equation has the following solution:
⎡ V x⎤
(18)
g = A1 + A2 exp ⎢ − f ⎥
⎣ D ⎦
The arbitrary constants A1 and A2 can be found from the following two conditions:
dg
1) The flux of actin monomers from the rear to the front, J = D
+ V f g , is constant.
dx
L0

2) The total amount of actin monomers is regulated by the cell, G = ∫ g ( x)dx , and is
0

also fixed.
Using these two conditions, we find:
JL
G+ 0
Vf
A1 = J / V f , A2 =
⎡V f L0 ⎤ ⎞
D⎛
⎜ exp ⎢
⎥ − 1⎟
Vf ⎝
⎣ D ⎦ ⎠

(19)

The polymerization flux at the leading edge, J, is proportional to the rate of actin
assembly, which in turn is proportional to the local actin monomer concentration:
J = kg (0)
(20)
12
where the proportionality coefficient k ~ 10μ m / sec . Combining (18-20), we estimate
the polymerization flux:
−1

⎡ D ⎛
⎡V f L0 ⎤ ⎞ D ⎛
⎡V f L0 ⎤ ⎞ L0 ⎤
(21)
−
+
J = kg (0) = G ⎢
1
exp
⎜ exp ⎢
⎟
⎜
⎥
⎢
⎥ − 1⎟ − ⎥
2
⎣ D ⎦ ⎠ Vf ⎝
⎣ D ⎦ ⎠ V f ⎦⎥
⎣⎢ kV f ⎝
This complicated expression becomes very simple in the relevant biological limit. Indeed,
we measured the diffusion coefficient of ~30nm particles in the keratocyte cytoplasm to
μ m2
be ~ 1
. An actin monomer is about 4 times smaller (~ 7-8 nm), so its diffusion
sec
μ m2
, and perhaps higher, since in the crowded cytoskeleton the
coefficient is at least 4
sec
diffusion coefficient may grow with decreasing size slightly faster than the inverse size of
the particle 13. This estimate is consistent with direct measurement of the diffusion
μ m 2 14
coefficient of actin monomers in other cell types, D ~ 5 − 6
. Considering that
sec

12
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L0 ~ 10μ m , and V f < 0.2

μm

, the ratio

V f L0

< 0.4 is small, implying that the directed
sec
D
flow is weaker than diffusion as a transport mechanism. Expanding the equation for the
V L
flux in power series with respect to the factor f 0 and keeping only the respective linear
D
term, we can simplify the expression for the polymerization flux to:
2 DG ⎛ 2 D V f L0 ⎞
J≈
−
⎜1 −
⎟
L0 2 ⎝ kL0 3D ⎠

2D
~ 0.1sec −1 gives the characteristic, diffusion-limited rate for actin monomer
L0 2
transport. The two small dimensionless factors in the bracket are responsible for slowing
down of this transport by actin assembly and rearward cytoplasmic flow, respectively.
V L
2D
~ 0.1 , is small, as is the second one: f 0 < 0.15 if
The first factor,
kL0
3D
V f < 0.2 μ m / sec . Actin monomer diffusion is simply fast enough, and the rearward

Here,

cytoplasmic flow (as in the blebbistatin-treated cells) can at most slow the rate of actin
transport (and therefore protrusion) down ~ 15%. Similarly, in untreated cells, the
forward-directed flow can accelerate actin transport ~ 6-8%. Note that the blebbistatintreated cells are ~ 20-40% slower on average than untreated cells, so it is possible that the
cytoplasmic flow, though not dominant, does facilitate actin monomer transport. Other
factors may contribute to the observed reduction in speed upon blebbistatin treatment,
including the decrease in the associated hydrostatic pressure at the leading edge (see
above), as well as changes directly related to the inhibition of myosin activity (e.g. slower
release of adhesions at the rear, slower disassembly of actin filaments).
It is interesting to consider the possible effect of fluid flow on the transport of
other proteins necessary for the protrusion. One such important protein is Arp2/3
complex; Arp2/3 has a characteristic size of ~15nm 15, and we can extrapolate from our
V L
μ m2
result for QDs a diffusion coefficient of D ~ 2
. This implies that f < 0.3 if
sec
3D
V f < 0.2μ m / sec . Larger protein complexes, ~30 nm in size, would have a diffusion

μ m2

2
if
3D 3
sec
V f ~ 0.2μ m / sec , so flow can have a significant effect on their transport. For even larger
protein complexes, > 30 nm in size, if they exist, the mesh size of the actin network
would strongly interfere with transport as we observe for larger QDs.

coefficient of ≈ 1

comparable to the 655QDs , in which case the factor

Vf L

~

It is also interesting to consider the implications of the rapid fountain-like flow in
the wings of the keratocyte. Our 2D simulations show that pressure varies very little at
the leading edge and sides, so there is no mechanical effect of this flow. However, there
is an interesting effect for the actin monomer distribution: according to our calculations,
the fast flow at the sides would increase the actin monomer concentration there by ~
13
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50%, compared to 15-20% at the front. According to our results16, the actin filaments are
stalled at the sides, so the higher actin monomer concentration does not contribute to
faster actin polymerization. It does contribute to the force the filaments exert on the
membrane though: the stall force depends on the actin monomer concentration as
⎛k g⎞
kT
f stall = B × ln ⎜ on ⎟ , where the pre-logarithmic factor, the ratio of the thermal energy
⎜ koff ⎟
δ
⎝
⎠
and actin monomer size, is of the order of a few piconewtons. The argument of the
logarithmic function is of the order of 100 at characteristic actin monomer
concentrations12, so when the G-actin concentrations increases ~ 1.5-fold, the stall force
increases by only ~ 10% due to the very slow growth of the logarithmic function.
Therefore, the effect of fluid flow at the lamellipodial sides is weak. A small effect of this
slight increase of the stall force of each filament would be that a slightly smaller filament
density would be able to sustain the constant membrane tension at the sides, so according
to the results of16, a keratocyte has to become slightly more elongated, canoe-like. This is
in agreement with results16, that show that treatment of cells with blebbistatin, which
according to our data abolishes the inward actin flow, makes the cell less elongated and
more round. There are, actually, multiple factors causing this geometric change
(discussed in 16), nevertheless, the agreement between this prediction and observations is
satisfying.

B. Further analysis of single particle data
B1. Analysis of the mean squared displacement as a function of time and the
contribution of dynamic error

Localization error of particles in single-particle tracking experiments is known to
propagate and lead to error in the mean squared displacement (MSD) as a function of
time17. The localization error has been separated into two contributions: a “static error”
which arises in the localization of a static particle, and a “dynamic error” which comes
from particle movement during the finite exposure time17. For our experiments the
contribution of the dynamic error is larger since the signal-to-noise from the QDs is
relatively high (leading to a smaller “static error”) and their movement is relatively fast
(D~1μm2/s). Measurements with 15ms exposure lead to an MSD which appears diffusive
(γ=0.99±0.01) on short time scales (time lag<0.1s) with a transition to subdiffusive
motion (γ=0.89±0.02) on longer time scales (Fig. S7). However, closer inspection reveals
that this apparent change in the characteristics of the MSD as a function of time is mostly
due to the contribution of the dynamic error to the measurements, and the true motion
appears subdiffusive down to at least 15ms.
Note that the associated diffusive length scale,
lD (t = 0.015s ) = 4 ⋅1 μ m 2 s ⋅ 0.015s ~ 0.25μ m is substantially larger than the typical
pore size of the actin meshwork in the lamellipodium 18, 19. Thus, if the observed
subdiffusive behavior is related to the actin meshwork acting as obstacles for the QD
motion 20, motion is expected to be subdiffusive down to even smaller time scales.
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© 2009 Macmillan Publishers Limited. All rights reserved.

B2. Analysis of bias in single-particle tracking measurements

Since the QD motion appears subdiffusive on all measured time scales it is not possible
to estimate the rate of systematic transport simply from the curvature of the MSD as a
function of time21. However, systematic transport should still lead to a bias in the average
velocity along the direction of transport. For a finite number of data points from a given
cell, the detection limit for such measurements can be estimated 21 from the statistical
δ r (dt )
error in the detected bias V (dt ) =
which is given by 4 D
for a
N ΔT
dt
diffusive process characterized by a diffusion coefficient D, where N is the total number
of data points and ΔT is the frame acquisition time. Note that the detection limit does not
T
ΔT = # QDs ⋅ Ttotal ,
strongly depend on the acquisition rate since, N ⋅ ΔT ~ # QDs ⋅ total
ΔT
where #QDs is the number of QDs in the lamellipodium and Ttotal is the total acquisition
time. Reasonable estimates for these parameters are D~1µm2/s, #QDs~10 (increasing the
number of QDs beyond this within a single cell leads to ambiguous tracking), and
Ttotal~10s (limited by the movement of the cell and the effect of the lamellipodial
boundaries), leading to a practical estimate for the detection limit of drift rate in a typical
keratocyte of >0.2µm/s.
In order to estimate the bias in our single-particle data, we aligned the movies so
that the cells are initially moving in the +x direction, and examined separately the
displacements perpendicular and parallel to this direction in the lab frame of reference
(note that while keratocyte movement is quite persistent, the cells’ velocity does deviate
from their initial direction with time). Analysis of the histogram of displacements of QDs
perpendicular and parallel to the direction of motion, as well as the average bias along
these directions <Δy> and <Δx>, was performed on 10 moving cells. Fig. S1 depicts
typical results of this analysis for one cell. The results in all cells indicate, within the
limitations discussed above, the absence of uniform persistent fluid flow of magnitude
larger than ~0.2µm/s in the cell frame of reference.

C. Anomalous diffusion of the quantum dots
In the main text we considered the effect of drift induced by fluid flow on the distribution
of probes exhibiting diffusive motion. However, the observed QD motion is subdiffusive
(Fig. 1). Here, we discuss the implications of the anomalous diffusion of the QDs on their
distribution and the effect of fluid-flow induced drift on this distribution. The
phenomenon of subdiffusion, where the growth of the MSD as a function of time is
slower than a linear function, r 2 ~ t α , α < 1 , is ubiquitous both in cell biology and in
many other biological and non-biological systems, including particles in polymeric
networks20, 22-27. One of the models that lead to such subdiffusive behavior considers the
random walk of a particle in the cytoskeleton as a Brownian movement hindered by a
random array of continuously changing traps – e.g. transient local dense cytoskeletal
aggregates where the mesh size is smaller and a particle can get stuck. Another model
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assumes rapid reversible sticking of the particle to the cytoskeletal structure. Similar
models involve random walk in a space with obstacles. Quantitatively, these processes
can often be described as an immobilize-release-walk scenario – random walks with
waiting time between steps (time of being trapped) which are distributed according to a
probability density function for the waiting time t equal to ω ( t ) ~ τ α / t1+α (in our
case, α ≈ 0.9 ). Here τ is an intrinsic time scale of the waiting process. Note that τ ,
strictly speaking, is not the average escape time – the escape times distribution is so
broad that there is no average residence time in the traps. The distribution ω ( t ) ~ τ α / t1+α
might seem artificial; in fact, this distribution is generated by the natural exponential
distribution of trap binding energies P ( E ) ~ e − λ E (ref.8).
The histogram of QDs’ displacements (Fig. S1) show a very good fit with the
Gaussian spread characteristic for normal diffusion, albeit with an increased number of
very small displacements < 0.1 μm. This kind of histogram is very similar to that reported
elsewhere23, where an increased number of small displacements is the cause of slower
than linear increase of MSD with time, and it could be indicative of effective transient
traps in the actin meshwork. Curiously, the number of QDs exhibiting unusually small
displacements decreases with time as follows: ~ 3.5% at 38 ms, ~ 2% at 75 ms and ~ 1%
at 150 ms; these times can be well approximated by integrating the waiting time
T dt
probability distribution ~ 1 − ∫ 1.9 which gives the fraction of the QDs that do not escape
t
traps by T = 38ms, 75ms, and 150ms, respectively. (This argument by no means proves
this particular scenario of subdiffusion.)
Theory indicates that with time, when the particles equilibrate with the ‘traps’ or
obstacles in the cytoskeleton, the subdiffusive behavior transitions into normal diffusion
( r 2 ~ t , t > tc ) 25, 26. This crossover is due to the fact that in a realistic situation, there is
a cutoff for the waiting time: there are no traps confining particles for too long 25, 26. In
our case, the natural cutoff is tc~10–40sec – the characteristic time of actin disassembly.
Since over this time scale the entire actin meshwork disassembles and reassembles and
the cells moves over a distance equivalent to its entire size, it is likely that no
trapping/sticking persists on longer time scales. It has yet to be established
experimentally whether the anomalous diffusion characteristics of proteins or particles in
a cell shows a crossover to normal diffusion at long times, as well as to measure the
characteristic crossover time. In our system, we cannot observe this transition in the
single-particle tracking experiments due both to QD blinking (which limits the
observable track lengths), and the effect of cell boundaries which become apparent for
t~L02/4D~25sec, where L0~10μm is the typical width of the lamellipodium and
D ~ 1μ m 2 / sec . Computer simulations25 give a crossover time of ~40sec
when r 2 ~ t 0.9 (as in our case) for a particle with characteristic displacement of 26nm in
16ms (in our case, a QD moves ~250nm within this time interval), so it is plausible that
the QDs equilibrate with the cytoskeleton and diffuse normally after a few tens of
seconds.
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Within the mathematical framework of the Continuous Time Random Walk
theory, the so called Galilei-variant particle sticking model24 describes a situation very
similar to what we assume happens with the QDs in the cytoskeleton – combined
diffusion and drift intermittent with brief sticking to or trapping within the actin
meshwork which is immobile in the lab coordinate system. In this situation, the
probability distribution of the particles is described by the Fractional DiffusionAdvection Equation16:
∂P ( x, t )
⎛ ∂
∂2 ⎞
= 0 Dt1−α ⎜ A + B 2 ⎟ P ( x, t ) ,
∂t
∂x ⎠
⎝ ∂x
where 0 Dt1−α is the so called Riemann-Liouville operator. This equation states that after a
transient in time, the steady state distribution is governed by the usual diffusion-drift
dP ( x )
d 2P ( x)
+B
= 0 , that we use in our analysis of the cytoplasmic drift. It
equation, A
dx
dx 2
is worth noting that if the anomalous diffusion regime persisted without a crossover to the
normal diffusion regime, then subdiffusion alone would be too slow to displace particles
against the drift at long time scales24, and one would expect all particles to concentrate at
the very leading edge in a wild type cell, or at the very rear in a blebbistatin-treated cell,
which is not observed.
Finally, if transient traps were responsible for the subdiffusive behavior, then the
effective drift would be the actual cytoplasmic flow rate minus the rate of the actin
network flow factored by the fraction of time the particles are trapped. Our observations
suggest that this fraction is negligible, so the corresponding error is very small. Also, we
cannot measure the diffusion coefficient in the normal diffusion regime directly, because
the crossover to this regime seems to take place after 10 seconds, which is the upper limit
for our MSD measurements. However, when the exponent α is so close to 1, as we
observe, the apparent diffusion coefficient defined as22:
r 2 ~ 4Γt α = 4 D ( t ) t , D ( t ) = Γt α −1 ≈ Γt −0.1 ,
is a very reasonable approximation for the value of the limiting diffusion coefficient. This
effective diffusion coefficient slightly decreases (it changes ± 30% between 100ms to
40s) because on longer time scales the cytoskeletal barriers restrict diffusion more and
more. Therefore, we use a characteristic value of D ~ 1μ m 2 / sec for the normalized
diffusion coefficient.
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