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1, E and F). Similarly, Rec8 exhibited little or no
expression in Dazl-deficient ovaries (Fig. 1F).
Thus, Dazl is required for both Stra8-mediated
initiation ofmeiosis in female germ cells and Stra8-
independent expression of Sycp3 and Rec8 there.

We propose a pathway by which embryonic
germ cells advance from a primordial state to the
initiation of meiosis (Fig. 2). This pathway includes
a newly posited cell state, the meiosis-competent
gonocyte, whose derivation from a primordial
germ cell requires the germ cell–intrinsic factor
Dazl and whose progression to meiotic initiation
and prophase in the female germ line requires the
extrinsic meiosis-inducing factor RA and Stra8.
We propose that this meiosis-competent cell state
exists in both male and female embryonic germ
lines, despite the fact that meiosis does not initiate
in male embryos. The posited meiosis-competent
gonocyte contains SYCP3 protein not yet loaded
onto chromosomes (Fig. 2), which is consistent
with the observation (6) that bothmale and female
embryonic germ cells express SYCP3 protein be-
fore the sexes take different paths: Female germ
cells advance to meiotic prophase, where SYCP3
functions, whereasmale germ cells down-regulate
SYCP3 and arrest in G0.

Embryonic testicular germ cells express Stra8
when exposed to exogenous RA, even though they
normally express Stra8 only after birth (9, 10). Our
model predicts that ectopic expression of Stra8 in
RA-treated embryonic testes should require Dazl
function. We dissected testes from wild-type and
Dazl-deficient E12.5 embryos, cultured them in the
presence of 0.7 mM RA for 48 hours, and assayed
Stra8 expression by whole-mount in situ hybrid-
ization. As previously reported (9, 10), RA induced
robust expression of Stra8 in wild-type testes (Fig.

3A). In contrast, in Dazl-deficient testes, no
induction was observed (Fig. 3A). To confirm that
this failure to induce Stra8 expression in Dazl-
deficient testes was not due to germ cell apoptosis
(19), we performed a control in situ hybridization
for Oct4 (Mouse Genome Informatics ID Pou5f1),
a gene expressed in embryonic germ cells but not in
gonadal somatic cells (26). We observed abundant
Oct4 expression in RA-cultured testes, both wild-
type andDazl-deficient (Fig. 3B). Thus, expression
of Stra8 in response to RA requires Dazl in
embryonic testis and ovary alike, confirming that
Dazl is a competence factor for meiotic initiation in
embryos of both sexes.

In S. cereviseae cells, expression of the a/a
mating-type heterodimer is a prerequisite to launch-
ing the meiotic initiation program in response to an
extrinsic cue. Our findings demonstrate that Dazl
plays an analogous role in embryonic mice. In both
a unicellular eukaryote and a complex animal,
meiotic initiation is governed by a cell-intrinsic
competence factor and an extrinsic inducing signal.
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Traction Dynamics of Filopodia on
Compliant Substrates
Clarence E. Chan and David J. Odde*

Cells sense the environment’s mechanical stiffness to control their own shape, migration, and fate.
To better understand stiffness sensing, we constructed a stochastic model of the “motor-clutch”
force transmission system, where molecular clutches link F-actin to the substrate and mechanically
resist myosin-driven F-actin retrograde flow. The model predicts two distinct regimes: (i)
“frictional slippage,” with fast retrograde flow and low traction forces on stiff substrates and (ii)
oscillatory “load-and-fail” dynamics, with slower retrograde flow and higher traction forces on soft
substrates. We experimentally confirmed these model predictions in embryonic chick forebrain
neurons by measuring the nanoscale dynamics of single–growth-cone filopodia. Furthermore, we
experimentally observed a model-predicted switch in F-actin dynamics around an elastic modulus
of 1 kilopascal. Thus, a motor-clutch system inherently senses and responds to the mechanical
stiffness of the local environment.

Recent work has demonstrated the im-
portance of substrate stiffness on cell
motility, morphology, and fate (1). For

instance, fibroblasts display a behavior known as
durotaxis, preferentially migrating toward
regions of higher stiffness (2). Softer substrates
have been shown to promote branching in pri-
mary mouse spinal cord neurons while suppress-

ing the growth of associated glia (3, 4). A recent
study has also shown that mesenchymal stem cell
fate can be determined by the stiffness of the

Fig. 3. Dazl is required for RA-induced expression
of Stra8 in embryonic testes. Whole-mount in situ
hybridization for (A) Stra8mRNAand (B)Oct4mRNA
in wild-type and Dazl-deficient testes dissected at
E12.5 and cultured for 48 hours in the presence of
0.7 mM RA is shown.
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culture substrate, a phenomenon that requires
actomyosin contractility (5). Although the im-
portance of actomyosin and substrate adhesions
are well appreciated, it is not clear how these
components work together to sense and respond
to the stiffness of the local environment.

One way cells are thought to probe their en-
vironment is through the generation of traction
by a “motor-clutch” mechanism where cells uti-
lize molecular clutches to physically link F-actin
to the extracellular substrate (6). By creating this
physical coupling, cells are thought to create a
frictional slippage interface that transmits traction
forces and slows F-actin retrograde flow, allow-
ing actin polymerization to advance the leading
edge (7–9). If cells use the motor-clutch system
to probe their mechanical environment, we

wondered how this system would be influenced
by substrate stiffness.

To address this question, we first constructed
a stochastic physical model of the motor-clutch
hypothesis, treating molecular clutches and the
substrate as simple, Hookean springs (Fig. 1A).
At every time step, nm myosin motors drive
retrograde flow by exerting a force FM on an
F-actin bundle. Next, individual molecular
clutches are allowed to reversibly engage the
F-actin bundle with rate constants kon and koff.
Clutches that successfully engage will build
tension with spring constant kc, as they are
stretched by retrograde motion of F-actin. Ten-
sion along engaged clutches increases their off-
rate constant, koff*, exponentially according to
Bell’s Law (10), with a characteristic breaking

force Fb. Tension in the engaged molecular
clutches sums to a traction force that must be
balanced by tension and deformation in the com-
pliant substrate with spring constant ksub.Myosin
motors work against this load force, slowing their
motor sliding velocity according to a linear force-
velocity relation. Finally, actin polymerizes at the
plus end of the F-actin bundle with constant ve-
locity to counter retrograde flow and maintain the
F-actin bundle. For simplicity, we ignored tension-
dependent strengthening of adhesions, as has
been reported in some cases (11, 12), as this ef-
fect can be added later to increase the model
sophistication and complexity if necessary (13).

When we simulated the motor-clutch system
on compliant substrates, we observed the emer-
gence of two distinct traction force dynamics

Fig. 1. A model for motor-clutch motility
on compliant substrates predicts substrate
stiffness-dependent dynamics. (A) Schemat-
ic representation of a mechano-chemical
motor-clutch model. Myosin motors pull an
F-actin filament bundle to the left with force,
FM, at velocity, nfilament. Molecular clutches
reversibly engage the F-actin bundle with
rates kon and koff to resist retrograde flow.
During loading, the clutches are stretched to
strains xclutch(i), and they tend to fail with a
force-dependent off rate, koff*. Transmitted
forces induce a local substrate strain, xsub.
The mechanical stiffness of the clutches, kc,
and of the substrate, ksub, determine the
mechanical resistance to loading. (B) Model-
predicted substrate stiffness-dependent clutch
dynamics. Red markers indicate the initial
position of the bundle and substrate and
highlight their relative motion. Greenmarkers
indicate the initial F-actin bundle position.
Stiff substrates exhibit frictional slippage, in
which the F-actin bundle constantly slides
relative to the substrate (red markers move
apart). Soft substrates exhibit load-and-fail
dynamics, where the compliant substrate
moves with the F-actin bundle until coupling
failure. (C) Model-predicted substrate posi-
tion as a function of time highlights load-
and-fail on compliant substrates (blue line).
Stiff substrates exhibit frictional slippage
(red line, also see inset). (D) Load-and-fail
clutch dynamics are predicted to lead to
slower time-averaged F-actin retrograde
flow rates and higher traction forces, where-
as frictional slippage dynamics lead to in-
creased retrograde flow rates and decreased
traction force. The transition zone (light blue
area) defines a region of greatest sensitivity
to substrate stiffness.
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(Fig. 1B and movie S1). On stiff substrates, mo-
lecular clutches engage the F-actin bundle but
abruptly disengage as lack of compliance in the
substrate results in a rapid building of tension
within engaged clutches that drastically shortens
F-actin/clutch interaction lifetimes. In this case,
the F-actin bundle is continuously slipping from
the point of contact at a roughly constant velocity.
We describe this dynamic as “frictional slip-

page,” a behavior that has previously been ob-
served on stiff glass substrates (7, 14, 15).

On soft substrates, substrate compliance
slows the rate at which tension builds along
individually engaged clutches. This prolongs
F-actin/clutch interaction times, with most
clutches remaining engaged to the F-actin bundle
at early times in the cycle (Fig. 1B and movie
S1). During this time, there is little relative mo-

tion between the F-actin bundle and the substrate
as tension slowly develops within the substrate.
Because of this lack of resistance, myosin motors
work near their unloaded sliding velocity, leading
to high rates of F-actin retrograde flow and a
slight retraction of the leading edge. As the sub-
strate strains and greater tension builds, clutches
largely remain engaged due to sharing of the
mechanical load among engaged neighbors. This

Fig. 2. Growth-cone filopo-
dia on compliant substrates
exert traction forces with
load-and-fail dynamics. (A)
Montage of a GFP-actin tran-
sected ECFNgrowth coneon a
730-Pa PAG with embedded
fiduciary marker beads ac-
quired at 3-s intervals. A
reporter bead underneath a
growth-cone filopodium dis-
plays periodic motions. Blue
arrowheads indicate initial
position; yellow arrowheads
indicate position at the given
time point. The rectangular
box indicates a traction-
producing filopodium. (B)
Time projection of the image
stack over 5min. Themarker
bead in (A) appears as a line
(blue and yellow arrow-
heads). The reference bead
(white arrowhead) appears as a single spot. A second marker bead (gray arrowheads) was also pulled retrogradely, as evidenced by the elongated appearance. (C)
Kymograph of the region indicated in (A). Yellow arrowheads indicate abrupt failure events. (D) Marker bead position recorded at 100-ms intervals.
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Fig. 3. Growth-cone filopodia F-actin retrograde flow
rate abruptly transitions from low to high around an
elastic modulus of E = 1 kPa. (A) EGFP-actin trans-
fected ECFN growth cone. The rectangular box indi-
cates a filopodium exhibiting retrograde flow. (B)
Kymograph along region indicated in (A). GFP-actin
features create diagonal streaks, allowing the mea-
surement of F-actin retrograde flow. (C) Histogram of
measured F-actin retrograde flow rates on stiff and soft
substrates [stiff substrate (purple): E = 260-Pa PAG,
n = 95; soft substrate (red): E = 57-kPa PAG, n = 258;
*P < 0.001]. (D) Measurements of F-actin retrograde
flow over a range of stiffness indicate a narrow region
of sensitivity (light blue shaded region) and a trend
statistically consistent with model predictions. Very low
stiffness (gray region) results in poor cell viability.
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provides considerable resistance to the motor
force, substantially slowing retrograde flow.
Eventually, the load becomes so great that the
stochastic loss of one clutch leads to a cascading
failure event, in which the unsupportable load
shifts progressively to remaining bonds, further
destabilizing the F-actin/clutch interaction. This
quickly leads to an abrupt coupling failure where
all clutches rapidly disengage, consequently un-
loading the substrate and causing it to snap back
to its initial rest position. Thus, computational
modeling of motor-clutch motility on soft sub-
strates predicts the natural emergence of an os-
cillatory “load-and-fail” traction force dynamic
characterized by protracted periods (~10 to 100 s)
of increasing tension, followed by an abrupt
coupling failure (Fig. 1, B and C).

In addition, simulations predict that these
substrate stiffness-dependent changes in clutch
dynamics lead to substantial differences in F-actin
retrograde flow rates and the mean traction forces
exerted on soft versus stiff substrates. On stiff
substrates, short-lived F-actin/clutch interactions

create a “molecular friction” (16), where only a
few clutches are engaged at any given time point.
Lower average clutch numbers limit the total
tension developed along engaged clutches, re-
sulting in lower mean traction forces and higher
rates of retrograde flow. On the other hand, load-
and-fail dynamics on soft substrates result in
higher numbers of engaged clutches on average,
increasing the total tension developed along
clutches, leading to slower retrograde flow veloc-
ity and greater transmission of traction forces
(Fig. 1D and fig. S1). As the substrate becomes
softer still, modeling predicts a slight increase in
retrograde flow rate along with a slight decrease
in traction forces (Fig. 1D). This occurs as the
system spends a greater fraction of the time weak-
ly loaded, resulting in longer times to generate
sufficient tension to substantially resist the my-
osin motors (movie S1). Thus, a motor-clutch
system is predicted to exhibit substrate stiffness-
dependent changes in clutch dynamics that result
in higher retrograde flow rates with lower traction
forces on stiff substrates and lower retrograde

flow rates with higher traction forces on soft
substrates.

To test these model predictions, we used
green fluorescent protein (GFP)–actin transfected
embryonic chick forebrain neurons (ECFNs)
plated on soft (260 to 730 Pa) or stiff (1.3 to
57 kPa) polyacrylamide gel (PAG) substrates
coated with polyethyleneimine as an adhesion
promoter. Compliant PAGs embedded with 200-
nm-diameter fluorescent fiduciary marker beads
allow the visualization of traction forces as de-
flections of beads from their rest position (17–19).
Using dual-channel epifluorescence imaging in
combination with a computational bead-tracking
algorithm, we visualized F-actin dynamics in
growth-cone filopodia and deflections of under-
lying marker beads to directly observe traction
force transmission dynamics at 1- to 10-Hz frame
rates (13).

With this system, we find that neurons exhibit
a wide variety of region-specific traction force
dynamics on compliant PAGs (fig. S2 and movie
S2). Whereas axons, neurons, and growth cones
exerted randomly directed and fluctuating trac-
tions, growth-cone filopodia frequently displayed
large, unidirectional bead deflections several
times greater in magnitude than those from other
regions of the neuron. Growth-cone motility was
dependent on b1-integrin–mediated adhesion
(fig. S3 and movie S3), consistent with our
earlier studies that made use of magnetic bead
force application (20).

When we examined the detailed time evolu-
tion of filopodial traction forces, we found that
substrate-embedded marker beads deflected in-
wardly toward the growth cone and would oc-
casionally snap back toward their rest position,
indicative of the load-and-fail behavior predicted
by the motor-clutch model when the substrate is
soft (Fig. 2A, fig. S4, and movie S4). A time
projection throughmovie S4 shows that filopodia
exert unidirectional tractions along the filopodi-
um axis (Fig. 2B). A kymograph along the axis
of the filopodium shows that filopodium exert
traction forces with load-and-fail dynamics
similar to that predicted by the model, with cycle
times on the order of tens of seconds (Fig. 2C).
On occasions where more than one filopodium
within a growth cone exerted observable trac-
tions, we found substantial variation in both the
amplitude and frequency of load-and-fail events
(movie S4). This suggests that cells probably
have stochastic fluctuations or spatial gradients in
one or more motor-clutch parameters, leading to
variable dynamics among individual filopodia.
When filmed at 100-ms time intervals, we found
that failure events occurred very abruptly, with
detectable bead relaxations occurring in a single
frame (Fig. 2D and fig. S6). Furthermore, loading
often occurred immediately (<100 ms) after
failure events, demonstrating that failures were
attributable to transient clutch disengagement
rather than filopodia retracting from the region
entirely. We also found that increasing substrate
stiffness resulted in an increase in the frequency

Fig. 4. Surface tension of ECFNs decreases on stiff PAGs. (A) Phase image of an ECFN on a PAG substrate.
The red box indicates a traction-producing growth cone. (B) Stressed/unstressed images of region
highlighted in (A) reveal bead strains within the substrate. The white box indicates a region of high stress.
(C) Image processing of region highlighted in (B) identifies and measures bead strains within the
substrate. (D) Sum of all bead strains above reference bead noise is used to estimate the relative elastic
energy stored within the substrate. (E) Surface tension significantly decreases on stiff substrates (mean T
SEM).
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