Biophysical Journal Volume 102 April 2012 1503-1513 1503

Membrane Tension, Myosin Force, and Actin Turnover Maintain Actin
Treadmill in the Nerve Growth Cone
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ABSTRACT A growth cone is a motile structure at the tips of axons that is driven by the actin network and guides axon exten-
sion. Low actin adhesion to the substrate creates a stationary actin treadmill that allows leading-edge protrusion when adhesion
increases in response to guidance cues. We use experimental measurements in the Aplysia bag growth cone to develop and
constrain a simple mechanical model of the actin treadmill. We show that actin retrograde flow is primarily generated by myosin
contractile forces, but when myosin is inhibited, leading-edge membrane tension increases and drives the flow. By comparing
predictions of the model with previous experimental measurements, we demonstrate that lamellipodial and filopodial filament
breaking contribute equally to the resistance to the flow. The fully constrained model clarifies the role of actin turnover in the
mechanical balance driving the actin treadmill and reproduces the recent experimental observation that inhibition of actin depo-
lymerization causes retrograde flow to slow exponentially with time. We estimate forces in the actin treadmill, and we demon-
strate that measured G-actin distributions are consistent with the existence of a forward-directed fluid flow that transports G-actin

to the leading edge.

INTRODUCTION

Cell migration is a ubiquitous process underlying morpho-
genesis, wound healing, and cancer, among other biological
phenomena (1). Leading-edge protrusion on flat surfaces—
the first step in cell crawling—relies on continuous remod-
eling of a cytoskeletal structure called the lamellipodium
(2), a broad and flat network of actin filaments. The lamel-
lipodium is several microns in width, but only ~0.1-0.2 um
high (3). The actin network, a polarized dendritic array
(Fig. 1 A), grows near the lamellipodial leading edge (4).
Combined with adhesion to the substrate, this growth moves
the leading edge forward in response to guidance cues.
Meanwhile, the actin network disassembles throughout the
lamellipodium (4), and actin monomer diffusion recycles
the monomers to the leading edge (4). Diffusive transport
can be assisted by a forward-directed flow of the fluid
fraction of the cytoplasm (5). The front-to-rear length of
the dynamic lamellipodial network is governed by the
dynamics of this biochemical cycle in which actin is being
continuously converted from monomer to polymer and
back again (6).

Growing actin filaments push forward on the membrane
enveloping the leading edge, resulting in membrane tension
(7). The membrane tension slows actin polymerization by
pushing back on growing filaments (8—10).When adhesion
to the substrate is weak or absent, membrane tension
pushing back on the filaments also generates retrograde
flow of the actin network (11-14). In some cells (including
keratocytes and nerve growth cones), myosin II (which we
refer to simply as myosin) also contributes to retrograde
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flow in the lamellipodium by contracting the actin network
and disassembling it at the rear (11,15—17). This retrograde
flow, balanced by leading-edge actin polymerization (4) and
depolymerization throughout the network (18), creates a
stationary lamellipodial treadmill. According to the adhe-
sion clutch hypothesis (19-21), increased adhesion attenu-
ates the retrograde flow, so that the leading-edge actin
polymerization is not cancelled by the flow anymore, but
rather produces net protrusion and resulting cell motility.
Mechanical components of the actin treadmill have been
identified and many of their interactions characterized (22).
This lays the groundwork for the challenging task of devel-
oping a quantitative understanding of the relative contribu-
tions of myosin, leading-edge tension, and actin turnover
to the balance of forces underlying the treadmill. We seek
to address this challenge in the context of the nerve growth
cone, a sensory motile structure that guides axon growth
(23). A growth cone is composed of two regions (22), a
central (C) domain filled with organelles and microtubules
and a peripheral (P) domain (Fig. 1 A). The P domain is
composed of a fine veil network of actin filaments inter-
spersed with tightly packed parallel actin bundles called
filopodia (24) (Fig. 1 A). The P-domain actin network
undergoes dynamic treadmilling, similar to the lamellipo-
dial region of other motile cells. The boundary between
the peripheral and central domains of the growth cone is
known as the transition (T) zone (Fig. 1 A). Retrograde
flow of veil and filopodial actin in the P domain slows
dramatically when it reaches the T zone (25), perhaps in
part because the microtubules and vesicles in the central
domain create a physical barrier to continued flow. Although
uniform veil F-actin depolymerization throughout the P
domain produces a lower network density at the T zone
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FIGURE 1 Actin treadmill in the nerve growth cone. (A) Upper, Electron
microscopy image of an Aplysia bag cell nerve growth cone, obtained as
described in Schaefer et al. (40). (Inset) Higher magnification of P domain
(larger box), showing the dendritic network of veil filaments interspersed
with filopodial bundles. The central (C) domain, transition (T) zone, and
peripheral (P) domain are labeled. Scale bar, 3.5 um. Lower, Higher magni-
tude of quasi-1D slice of P domain (smaller box in upper image), to illustrate
arepresentative region of interest for the 1D model illustrated in B. (B) Upper,
Schematic of the actin treadmill components: actin filaments (center), leading
edge (right), and T zone and myosin (eft). The actin network undergoes retro-
grade flow (green arrow). Lower, balance of forces in the 1D model for the
P-domain actin network. The coordinate x represents the distance from the
boundary between the T zone and P domain, with x = L corresponding to
the leading edge. The active forces driving retrograde flow are membrane
tension, f, and myosin contraction, f;,, (arrows pointing to the left). The effec-
tive drag force opposing retrograde flow (arrow pointing to the right) arises
from the necessity to disassemble the actin network at the T zone.
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than at the leading edge (26), the remaining actin network
must be disassembled at the T zone to allow recycling of
actin and continuous treadmilling.

Here, we develop a quantitative mechanical model of the
actin treadmill in the P domain of nerve growth cones. Aply-
sia bag cell neurons are a convenient model system for under-
standing the mechanics of the steady-state lamellipodial
treadmill, because when they are plated on poly-L-lysine-
coated coverslips (17), adhesion of actin to the substrate is
very weak, making the cones stationary with a rapidly tread-
milling P domain. Itis useful to analyze a system with rapidly
treadmilling actin and negligible adhesion, because mechan-
ical properties of adhesions are often complex (14,27) and the
treadmill has to be understood and calibrated before attempt-
ing to quantify the adhesion clutch coupled with actin
dynamics. Another advantage of this model system is the
abundance of quantitative data (26,28,29), which offer the
rare opportunity not only to fully constrain the model using
part of the data but also to test the model predictions against
the rest of the data within a single experimental system. The
actin network components and characteristics are conserved
across various cell types (2), and we expect that a growth
cone model will also be relevant to other types of cells.
Previous models of growth cone motility have focused
primarily on chemical guidance (30-33), and one early
model explored the mechanism for traction force generation
(34). In contrast, the model presented here is designed to
investigate the mechanical properties of the growth-cone
lamellipodial treadmill. We model the P-domain actin array
and use recent experiments in the growth cone to constrain
the model and determine the balance of forces, movements,
and actin turnover in the P domain.

A key outcome of the model is that the actin network
rapidly adjusts to mechanical perturbations by transitioning
into a new steady state with different P-domain width and
retrograde flow speed, an adaptability that may contribute
to robust growth-cone motility in varying biological condi-
tions. We also determine numerical values for the myosin
contractile stress and membrane tension force driving retro-
grade flow, and suggest that veil and filopodial filament
breaking contribute equally to the resistance to retrograde
flow. The model predicts exponential slowing of retrograde
flow if depolymerization is inhibited, in good numerical
agreement with experimental measurements (26). Finally,
we use measurements of G-actin spatial profiles in Van
Goor et al. (26) to estimate the forward-directed fluid flow
in the P domain, and we find that it is on the same order
of magnitude as actin retrograde flow.

MATERIALS AND METHODS
One-dimensional model of the actin treadmill

We consider the P-domain actin network, which assembles at the leading
edge and disassembles at a constant rate while undergoing retrograde
flow. Actin retrograde flow in an Aplysia bag growth cone is in the radial
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direction (25), and considering a segment of the P domain a few microns
wide allows a one-dimensional (1D) description (Fig. 1 A). We assume
that the flow is driven by myosin motors pulling within the T zone and
membrane tension pushing from the leading edge and that it is resisted
by an effective drag force that depends on the density of filaments at the
T zone. The P-domain width and retrograde flow speed are dynamic vari-
ables that depend on the mechanical properties of the growth cone and
the balance of forces on the actin network (Fig. 1 B).

Below, we outline the biological assumptions and develop the mathemat-
ical details of the model.

Kinematics

The speed of protrusion in the lab coordinate system, vy, is
Veell = Vg — Vi, (1)

where v, is the actin growth rate and v, is the retrograde flow rate. In the
stationary P domain, v..; = 0 and v, = v,. The model illustrated in Fig. 1 B
is based on the following force-speed relations.

Actin growth rate

A few recent studies have reported direct measurements of membrane
tension in epithelial (35) and neutrophil (36) motile cells in the tens of
pN range, as well as a lower tension in nerve growth cones (37), and
have suggested that this tension slows actin growth. We assume that the
leading-edge membrane is under tension and that the tension force/um of
the leading edge, f5 reduces the polymerization speed according to the
force-velocity relation

v = (=) e g
0 lffTZf\‘v

where f; is the stall force/um and vy is the free polymerization speed.
Measurements (8,10) and theory (9) have confirmed the validity of Eq. 2
and have yielded the parameter w > 1, such that the velocity is insensitive
to tension at low loads. We assume that the membrane tension is propor-
tional to the P-domain width rather than to the whole growth cone area,
based on the observations discussed in detail in the Supporting Material.

Retrograde flow rate

Our main hypothesis is that resistance to buckling and breaking filaments in
the T zone creates a drag opposing the myosin pulling, f,,, and membrane
pushing, f7, forces on the network. The balance of these three forces deter-
mines the retrograde flow. We suggest that the retrograde flow speed is
determined by the force balance (Fig. 1 B),

fm +fT = ghrmkvr- (3)

Four assumptions underlie Eq. 3: 1), The veil-filopodia network deforms
very little, so that no resistance to the retrograde flow comes from compres-
sion or shear in the front few microns of the network, and the forces pulling
the network at the rear and pushing it at the front simply add. Data and
previous modeling indicate that there is a small amount of compression
and shear in the lamellipodium of other cells (38,39). However, there is
little gradient in the symmetric retrograde flow speed from the growth
cone leading edge to the T zone (26), suggesting that compression and shear
can be neglected. 2), The adhesion force is negligible, which allows us to
isolate the dynamics of the stationary treadmill from potentially compli-
cated adhesion dynamics. 3), We treat myosin contractility as a constant
external force, f,, (per unit edge length), acting on the actin network in
the P domain, based on the assumption (supported by the observation in
Medeiros et al. (28)) that myosin is localized in the T zone and pulls the
actin network inward. 4), Electron microscopy shows that the filaments
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and bundles bend, buckle, and break in the T zone (40) (Fig. 1 A), and
we assume that this breaking force resisting the network flow is viscous-
like in proportion to the flow rate (see Supporting Material for physical
reasoning). The parameter &, characterizes the resistance to flow associ-
ated with breaking actin filaments at the T zone.

We assume, and justify below by comparison with experiment, that &,
is proportional to the actin-filament density remaining at the T zone after
partial network disassembly in the P domain, and that veil and filopodial
filaments contribute equally to the force, which leads to the equation

Spreak = Fhrear (af + (11()( =0, f)) . “4)

Here the parameter F,.. is proportional to the breaking force/filament,
Soreak» and ay and a; are the filopodial and veil filament densities, respec-
tively, at the boundary between the P domain and the T zone.

Actin disassembly

Based on experimental data (26), we assume a constant net rate, vy, of the
veil filament network disassembly, which yields the following equation
for the veil actin density:

aa, Ba,

— = —va;+Vv,—. )
ot " ox

We do not model the underlying molecular mechanism of network disas-
sembly here. The steady-state veil actin distribution for the stationary tread-
mill is then

(6)

al) = wexp( - V=),

vy

Here, x is the anterior-posterior coordinate; x = 0 refers to the T zone and
x = L corresponds to the leading edge of the P domain (Fig. 1 B). In exper-
iments, the observed distance between the T zone and the leading edge, L,
depends on mechanical properties of the actin treadmill components; for
example, reduced myosin density inhibits actin disassembly, producing
a larger P domain (28). Therefore, L is a dynamic variable of our model.
Parameter a, characterizes a constant density of the veil actin filaments at
the leading edge (number/um). Using the same formulation for the filopo-
dial actin density, ag(x), the total actin density in the P domain is given by

v(L —x)

i

a)(x) + ap(x) = ag exp( — ) + ay, @)

where ay is the leading-edge filopodial density. Filopodial bundles have
significantly slower turnover rates (estimated half-life ~25 min) than veil
F-actin (0.5-3 min) (41). The observed actin flow in the growth cone is
such that a filament travels from the front to the T zone in just 1-3 min, al-
lowing us to approximate the actin density along filopodia as constant from
front to rear. This means that filopodia will not turn over significantly and
must be recycled by other means, most likely by being mechanically
broken.

G-actin spatial distribution

The G-actin concentration can be found from equations describing the
balance of F- and G-actin, governed by disassembly and transport
processes. The equation for the veil (lamellipodial) F-actin concentration,
F), has the same form as Eq. 5, 0F;/dt = —yF; + v,dF;/dx, and has the
same solution as Eq. 6 (a; and F; simply have different dimensions). The
total F-actin density distribution in the steady state is then given by
F(x) = Fi(x) + Fg(x) =F exp(—y(L — x)/v,). The equation for the G-
actin concentration, G, has the form

9G 9G G
— = yF(x) —v/—+D-—
U o it ®
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Here, the first term on the right-hand side corresponds to the net local
source of G-actin due to lamellipodial F-actin disassembly, and we neglect
the contribution of the filopodia. The second term describes the hypothet-
ical flow of the fluid fraction of cytoplasm forward with speed v¢. Such
flow can be generated by myosin contraction at the rear and membrane
permeability at the front, as observed in Keren et al. (5). The third
term describes actin monomer diffusion. The boundary conditions at the
leading edge (x = L) are that there is a finite G-actin concentration there,
Gy, necessary to maintain the protrusion with the observed speed, and
that the outflux of the G-actin is equal to the influx of the F-actin:
(vfG — D?Tf) . = v,Fy (all actin monomers assembling onto the fila-
=

ment tips at the front become F-actin), similar to Lan and Papoian (42).
In this simple model, we have omitted separation of the G-actin pool into
fractions characterized by binding with various proteins. More detailed
models have been investigated (7,18), but qualitatively, the result described
below regarding the gradient of the total G-actin is insensitive to these
details. Model equations were solved as described in the Supporting
Material.

Experimental constraints on the model

The actin treadmill model described by Egs. 1-7 can be fully constrained by
comparing model predictions with results from a set of experiments with
the Aplysia bag nerve growth cone reported in three studies (26,28,29) in
which P-domain width and retrograde flow speed were measured under
several drug-treatment conditions (Fig. 2 and Table S1): 1), control condi-
tions; 2), actin polymerization inhibited by cytochalasin B; 3), filopodia
removed by treatment with low cytochalasin B; 4), myosin inhibited by
blebbistatin + actin polymerization inhibited by cytochalasin B; 5), myosin
contractile forces inhibited by blebbistatin; 6), actin depolymerization
inhibited by jasplakinolide; and 7), actin depolymerization inhibited by
jasplakinolide in cones pretreated with blebbistatin. We discuss the respec-
tive experimental results in the Supporting Material. Note that all of the
experiments we consider were performed on the same experimental system,
allowing us to constrain the model in a self-consistent way.

Craig et al.

RESULTS

Calibrating the model: roles of filopodia, myosin
force, and membrane tension

Veil and filopodial filament breaking provides mechanical
resistance to retrograde flow

A major assumption of the model is that there is a certain
breaking force per actin filament at the T zone, and that
this breaking force is the same for veil and filopodial fila-
ments. We further assume that the effective drag force
opposing retrograde actin flow is given by the amount of
force required to break all the filaments. We can test these
assumptions by comparing the predictions of the model
with experimental measurements of the retrograde flow
and P-domain width in the control case and when filopodia
are absent (29). When filopodia were removed by treating
the growth cone with low levels of cytochalasin B, the
velocity of retrograde flow was unchanged from the control
case, but the P-domain width decreased. Assuming that the
myosin force, f,,, does not change after filopodia removal,
we can infer that the effective drag, &,,.ax = f,/V,» 1S also
unchanged. In other words, the location of the transition
zone is determined by the distance from the leading edge
at which F-actin density is low enough for myosin contrac-
tile forces to effectively break down the network; when filo-
podia are removed and no longer contribute to the F-actin
density distribution, the P domain narrows such that the
F-actin density at the T zone remains the same for a fixed
myosin density. Setting the expression for &,,.. (Egs. 4
and 7) under control conditions equal to the expression for
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FIGURE 2 Schematics of growth-cone experi-
ments used to constrain and test the model. (A)
Under control conditions, myosin pulling is
balanced by the actin breaking force. (B) When

the leading-edge polymerization is inhibited by
cytochalasin B, the force balance does not change.
(C) When filopodia are removed with a low
concentration of cytochalasin B, the force balance
and flow do not change but the P domain shortens.
(D) Inhibition of both polymerization (by cytocha-
lasin B) and myosin (by blebbistatin) lowers both
pulling and resistive forces and actin flow. (E)
When myosin is inhibited by blebbistatin, the P

-
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domain widens and the remaining actin flow is
driven by a combination of leading-edge tension
and weakened myosin contractile force. (F) Inhibi-
tion of actin depolymerization by jasplakinolide
increases the resistance of the actin network and
slows the actin flow.
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the case without filopodia, we establish a relationship
between the leading-edge veil and filopodial densities:

’ - Lnoi —vL
1 exp(—7 ”) - xp( : ) ©
dp Vv, Vr

where L, v,, and v are the control values for the P domain
width, retrograde flow, and veil depolymerization rate, and
L,of is the P-domain width after filopodial removal
(Fig. S1 A). Measured values for these parameters (Table
S2) allow us to estimate the right-hand side of Eq. 9,
yielding a/a, = 0.08.

This prediction is consistent with experimental estimates
of veil and filopodial actin filament densities: EM images of
a growth-cone P domain show ~20 filopodial bundles for
every 30 um in width along the leading edge (43). If each
filopodial bundle is comprised of =25 individual filaments
(44), the filopodial filament density is ay = 15/um. Veil fila-
ment density is similar to the lamellipodial density of barbed
ends at the leading edge of epithelial cells, which is of the
order of ag = 200/um (3,7), so afag = 0.075. The consis-
tency between these measurements and the prediction of
Eq. 9 supports the model assumption that filopodial and
veil actin contribute equally to retrograde flow resistance.

The myosin contractile force, f,,, exerted on the network
is equal to the force/filament, f;,,.., times the actin-filament
density at the transition domain. Using experimentally
measured values for P-domain width and retrograde flow
speed (Table S1) and the leading-edge veil and filopodial
densities (Table S2), and a theoretical estimate for f},cqx
(Table S2), we calculate f,, = fprear(ar + aoexp(—yLWV,)) =
1 nN/um. A single myosin motor domain exerts forces on
the order of 1 pN, suggesting that there are ~1000 motors/um
exerting contractile force in the P domain, consistent with
other cell data (45,46). According to our assumption that
buckled filaments in the T zone exert an equal and opposite
effective drag force on the P-domain network, the effective
drag coefficient opposing retrograde flow under control
conditions is &peax = fo/V, = 170 pN x min/um?.

P-domain width adapts to mechanical perturbations
to maintain a balance of forces

When leading-edge polymerization and myosin forces are
both inhibited (after treating growth cones with cytochalasin
B and blebbistatin, the P-domain leading edge retreats from
the membrane, nullifying potential membrane tension), the
remaining retrograde flow is =20% of the control value
(28). This observation suggests that the residual myosin
forces under blebbistatin treatment are =20% of f,, under
control conditions, so f;fj = 0.2 f,. When growth cones are
treated with blebbistatin alone, inhibiting myosin without
interfering with actin polymerization, the retrograde flow,
v, is =50% of the control value and the P-domain width
expands by =80% relative to control (28). In this case,
the remaining retrograde flow is higher than what would
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be predicted if retrograde flow were still driven by myosin
forces alone. The additional retrograde flow can be ex-
plained by two factors: reduced resistance to flow, because
a larger P-domain width decreases the actin density at the
boundary between the P domain and the T zone (Eq. 7),
and hypothetical leading-edge tension that arises due to
the expansion of the P-domain width. Indeed, cell protrusion
requires membrane delivery to the front against a tension
gradient (47) and is associated with increasing membrane
tension (35). Using the P-domain width measurement
L, = 13 um under blebbistatin conditions (28), we can esti-
mate the effective drag coefficient for blebbistatin-treated
cells, ‘Egreak - gbr’eak(“f + al(Lba Vf))/(af + al(L7 v")) (Egs.
4 and 7), and find that the leading-edge tension, f}’ , in this
case is ff = &0 .V’ —f2=90 pN/um. Using the steady-
state condition for the blebbistatin-treated cells (vZ =

v2 = 0.5v), we can determine the actin-network stall force,
fs- According to the load-velocity relationship for actin-
network polymerization (Eq. 2), f; = f2/(1 — v;’ / vo)l/ Y=
f£/0.5'/2 =100 pN/um (Fig. S1 B), where we have used
© = 6 based on experimental measurements (10). This stall
force is lower than that measured for motile fish keratocyte
cells (~400 pN/um) (8), but the order of magnitude is the
same.

These results illustrate a key feature of the actin-network
treadmill: the steady-state P-domain width adapts to main-
tain a balance of active forces (myosin and tension) and
passive forces (resistance to filament breaking). Under
control conditions, myosin forces alone drive retrograde
flow quickly enough to keep up with leading-edge polymer-
ization, thus alleviating leading-edge membrane tension. In
this case, the P-domain width is determined by the distance
from the leading edge at which the actin-network density
provides enough resistance to balance the myosin forces
driving the flow. When myosin is inhibited, this initially
produces an imbalance between the leading-edge polymeri-
zation and the reduced retrograde flow speed. Initial
increase of the P-domain width creates membrane tension,
which in turn increases retrograde flow speed. The new
steady-state treadmill is achieved when the P domain has
expanded enough for the combination of membrane tension
and remaining myosin forces to balance the passive force
associated with filament breaking at the T zone. Our calcu-
lations suggest that myosin contractile forces still contribute
significantly to the treadmill dynamics after blebbistatin
treatment (f,Z = 0.2f,, ~ 200 pN/um, compared with
f% ~ 100 pN/um). This dynamic transition from the control
steady-state treadmill to the steady-state treadmill under
blebbistatin conditions is illustrated with numerical calcula-
tions based on Egs. 1-7 (Fig. 3). Note that the values of f;
and o determine how quickly the system evolves to a new
steady state, but do not affect the values of the steady-state
retrograde flow speed or P-domain width (Fig. S2). The

Biophysical Journal 102(7) 1503-1513
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FIGURE 3 P-domain width adapts to mechanical perturbations to main-
tain treadmill. Numerical calculation of the P-domain width, L (upper),
polymerization speed, v, (lower, solid line), and retrograde flow speed, v,
(lower, dashed line), before and after blebbistatin treatment (at time ¢t =
0), illustrating the transition to a new steady-state treadmill. Using cali-
brated values of the system parameters, the model reproduces experimental
measurements of v, and L after blebbistatin treatment. Note that the steady-
state values of L and v, are independent of the polymerization load-velocity
parameter w (Fig. S2).

constrained values of the model parameters are summarized
in Table S2. The model calibration, and the resulting quali-
tative insights, are relatively robust to variation in the
measured values of v, and L that can be expected from
one growth cone to the next (Supporting Material).

Testing the model: role of actin turnover

F-actin disassembly throughout the P domain lowers effective
drag force at the transition zone

Now that the F-actin treadmill model is fully constrained,
with no remaining free parameters, additional experiments
can be used to test the model assumptions. In particular,
we consider experiments in which the role of actin turnover
in P-domain dynamics was explored (26).

When leading-edge polymerization in the growth cone is
inhibited by application of cytochalasin B, ongoing retro-
grade flow at a constant speed causes the network to retreat
from the leading edge (28). We can simulate this experiment
using reaction drift (Eq. 5) for veil actin density, a,(f), in
combination with the time-dependent retrograde flow speed,

V.=V, (af + aoefyL/Vr)/(af +a(t)],_,) (Egs. 3 and 4),
where v,-and L are the values measured under control condi-
tions. In principle, this expression could predict the retro-
grade flow rate varying with time, because the veil actin
density at the T zone could vary transiently. However,
when we begin with the steady-state actin-density distribu-
tion in control (Eq. 7) as the initial condition, and then re-
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move the boundary condition of constant leading-edge
density, ag + ay, allowing the density distribution to evolve,
we find that the resulting rate of retrograde flow balances
exactly with the rate of depolymerization, such that the actin
density at the T domain (x = 0) remains constant (Fig. 4 A).
For this reason, the retrograde flow speed does not change,
in agreement with the experimental observation.

On the other hand, when actin depolymerization
throughout the P domain is inhibited by treating a growth
cone with jasplakinolide (26), the pool of available G-actin
is depleted, which essentially freezes the network actin turn-
over. As a result, the network is cleared from the P domain
by continued myosin pulling at a retrograde flow speed that
decreases exponentially with time (26). Fluorescent images
and electron micrographs illustrate a buildup of actin fila-
ments in the transition zone coincident with retrograde
flow deceleration. We simulate this experiment by numeri-
cally calculating the time-dependent actin density distribu-
tion in the manner described in the previous paragraph,
but this time using the smaller depolymerization rate, vy,
measured under jasplakinolide conditions (Table S2). In
this case, the balance between depolymerization and retro-
grade flow rates is no longer maintained, and the actin
density at the T zone increases with time, in agreement
with the experimental observation (Fig. 4 B). This in turn
causes retrograde flow speed to decrease exponentially
with time, in good numerical agreement with the experi-
mental data (Fig. 4 C). In these two cases, the model with
no tunable parameters successfully reproduces experimen-
tally observed behavior and illustrates the role of actin turn-
over in maintaining the balance of forces in the actin
treadmill. This supports the assumption that retrograde
flow is opposed by an effective drag force associated with
actin filament disassembly at the T zone, and illustrates
that constant depolymerization throughout the P domain is
necessary to maintain a balance of forces on the actin
network.

The decay rate of the retrograde flow speed after jasplaki-
nolide treatment, relative to the initial speed, is only sensi-
tive to the actin depolymerization parameters vy and 7,
and does not depend on the initial values of v, and L. For
instance, a lower initial value of v, produces a steeper initial
actin-density gradient (Eq. 6), which in turn causes the
T-domain actin density to increase more quickly after
jasplakinolide treatment. However, the retrograde flow
balances with the actin gradient so that the T-domain actin
density changes by the same ratio for a given time interval.
For this reason, v(t)/v(t = 0) is independent of the initial
value of v,. Indeed, growth cones pretreated with blebbista-
tin (which alters the steady-state v, and L but has no sig-
nificant effect on vy and v, (26)) exhibit nearly the same
retrograde flow decay rate after jasplakinolide treatment
as the control cones (26), in agreement with this model
prediction. For the same reason, the model predicts that
v/ (t = 0) is independent of the veil actin filament
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FIGURE 4 Model testing: role of actin turnover. (A) Actin density distri-
bution calculated from Eq. 6 at several times after treatment with cytocha-
lasin B, inhibiting leading-edge polymerization (r = 0, solid line; t =
3 min, dashed line; = 6 min, dotted line). Because the actin density at the
transition domain remains constant, the resulting v, is also constant. (B)
Same as A, but with a lower depolymerization rate, v, corresponding to
the case of jasplakinolide-treated growth cones. In this case, the actin density
at the transition domain increases with time due to the slower rate of depoly-
merization in the network as it moves rearward. (C) Retrograde flow versus
time after jasplakinolide treatment, resulting from the actin density calcula-
tions in B (solid line) and experimental measurements (data points).
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density at the leading edge, which decreases after jasplaki-
nolide treatment (26).

Model predictions: role of G-actin concentration
in treadmill and mechanism of G-actin recycling

P-domain width and retrograde flow are sensitive to leading-
edge G-actin concentration

Now that the F-actin treadmill model (Egs. 1-7) has been
constrained and tested by published experimental data, we
can use the calibrated model to illuminate the role of the
G-actin distribution in the treadmill dynamics, and explore
a hypothetical mechanism for recycling of G-actin to the
leading edge. Note that our previous calculations of physical
parameters for the F-actin treadmill do not depend in a
detailed way on the G-actin distribution according to our
assumptions that polymerization takes place primarily at
the leading edge, and depolymerization is uniform through-
out the P domain. However, we expect that the rate of actin
polymerization will depend on the pool of available G-actin,
and we assume for simplicity that the polymerization rate
under zero load, vy, is directly proportional to the leading-
edge G-actin concentration.

To address the question of how the treadmill dynamics
depends on the available pool of G-actin, we begin by
considering what would happen if the level of G-actin
(and thus the unloaded actin polymerization rate vy) in the
stationary growth cone were suddenly increased.

As discussed previously, under control conditions the
membrane is not under tension (fr = 0), and thus, we have
Ve = Vo = V, = fu/prear- If the unloaded polymerization
speed is suddenly increased by a factor «, the initial imbal-
ance between polymerization speed and retrograde flow
speed will cause P-domain expansion, which produces
leading-edge membrane tension (fy > 0). The leading-
edge tension will increase the retrograde flow and decrease
the polymerization speed until a new steady state is reached.
In the Supporting Material, we find the relationship between
the factor «, by which vy was increased, and the resulting
steady-state P-domain width L’. Numerical calculations
show that if the G-actin concentration is at least doubled,
the P-domain width will approximately double to
L' ~ 12 — 14 um, producing steady-state membrane tension
on the order of f; ~ 100 pN/um (Fig. 5 A). The resulting
steady-state retrograde flow is v, ~ 7-8 um/min (Fig. 5 B),
an increase from the control value due to the added tension
force on the network and the reduced resistance to flow
associated with breaking forces (£, decreases with L’
because actin has more time to depolymerize before reach-
ing the T zone).

We also consider a second hypothetical experiment in
which a blebbistatin-treated growth cone is subjected to
a sudden increase in G-actin concentration. The result, in
the Supporting Material, shows that in this case, the

Biophysical Journal 102(7) 1503-1513
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FIGURE 5 Model prediction for G-actin increase. (A) P-domain width as
a function of G-actin increase factor « for control conditions (solid line) and
for blebbistatin-treated growth cones (dashed line), based on expressions
derived in the Supporting Material. (B) Retrograde flow rate versus « for
the same conditions as in A. (C) G-actin spatial profiles (normalized by
Gy) predicted by Eq. 11 for vy = 0 um/s (dotted line), 0.15 um/s (dashed
line), 0.3 um/s (solid line). We used parameters L, v, and v, measured in
Van Goor et al. (26), D =5 ,urnz/s (54), and the ratio Fy/Go = 2 (55).
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steady-state P-domain width and retrograde flow speed are
relatively insensitive to increase in G-actin concentration
(Fig. 5, A and B). This is because even for control levels
of G-actin (i.e., with & = 1), the blebbistatin-treated growth
cone has leading-edge tension on the same order as the stall
force (Table S2), such that only a small amount of actin-
network expansion with increasing G-actin is possible. For
saturating levels of G-actin, the retrograde flow speed is
sensitive to myosin concentration, while the P-domain
width is not.

Forward-directed fluid flow can account for observed
distributions of G-actin

As discussed above, the actin dynamics in the P domain are
sensitive to leading-edge G-actin concentration, and newly
recycled G-actin must be delivered to the leading edge
quickly enough to maintain the rapid treadmill. A recent
experiment using DNasel labeling to track G-actin mono-
mers demonstrated that the G-actin distribution in the
P domain usually has a positive gradient, with G-actin
concentration highest at the leading edge (26). Given that
F-actin is disassembled and recycled to G-actin uniformly
throughout the P domain, we now turn to the question of
how G-actin is transported to the leading edge: Can the
observed distributions be explained by diffusion alone, or
is active transport in the form of forward-directed fluid
flow necessary to achieve a positive gradient in the G-actin
distribution?

We use the mechanical parameters determined from the
calibration of the F-actin treadmill to predict the form of
the G-actin distribution as a function of the hypothetical
forward fluid flow, v. The equation governing the G-actin
distribution (Eq. 8) in the steady state has the form

G G

—v(L—x
e

r

> =0, (10

which has the analytical solution (using the boundary condi-
tions discussed for Eq. 8)

G0 =G eXp( - (LDi X)> V.fvl,-jo_V%DY
oo ) o))

1)

In the absence of forward-directed fluid flow, the predicted
G-actin concentration decreases toward the leading edge
(Fig. 5 C), in contrast to the experimentally observed posi-
tive G-actin gradient. On the other hand, in the presence of
forward fluid flow of greater than v, ~ 0.15 um/s, the distri-
bution increases toward the leading edge, and it compares
well quantitatively with the experimentally measured
G-actin distribution for v ~ 0.3 um/s (Fig. 5 C) (26).
Thus, we conclude that forward-directed fluid flow of
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magnitude 0-0.3 um/s may actively transport G-actin
toward the leading edge in the P domain of the growth
cone. Such flow was observed and measured in other cells
(5,48); here, for the first time to our knowledge we suggest
its existence in the nerve growth cone. Flow of this magni-
tude can increase the G-actin concentration at the leading
edge twofold compared to diffusion-based transport, which
would significantly accelerate the actin treadmill.

DISCUSSION

Using a model for the actin network in the peripheral region
of stationary nerve growth cones, we have calibrated the
balance of forces on the actin treadmill, demonstrating
that retrograde actin flow under control conditions is driven
primarily by myosin contractile forces. Our results support
the assumption that the effective drag force resisting retro-
grade flow is proportional to filopodial and veil (lamellipo-
dial) actin density at the transition domain, because
filaments must be severed to maintain actin turnover. We
show that when myosin contractile forces are inhibited,
the system transitions to a new steady state in which retro-
grade flow is driven by membrane tension. Simulations of
the model illustrate that a constant rate of actin depolymer-
ization throughout the lamellipodial network is essential for
maintaining a balance of forces with a constant rate of retro-
grade flow. Available experimental data allow estimates of
all relevant forces.

After constraining and testing the F-actin treadmill model
with published experimental data, we make a testable
prediction that increasing the G-actin concentration would
alter the force balance, increasing the contribution of
leading-edge tension to the retrograde flow. This transition
would be characterized by an increase in P-domain width
and retrograde flow, a prediction that could in principle be
tested experimentally by using drugs that alter the
G-actin/F-actin balance. We also predict that the P-domain
dynamics will be less sensitive to G-actin concentration in
blebbistatin-treated cells, where myosin inhibition has
already led to an increase in leading-edge tension.

We demonstrate that the experimentally observed positive
G-actin gradient (increasing toward the leading edge) in the
P domain can be maintained if rapid forward-directed fluid
flow of the cytoplasm on the order of 10-20 um/min exists
in the P domain. This predicted flow would significantly
increase the G-actin concentration at the leading edge,
accelerating the actin treadmill. Forward-directed fluid
flow has been directly observed in keratocytes (5). Further
research will be needed to observe and measure fluid flow
directly in growth cones. More detailed future models could
also help distinguish the potential roles of forward-directed
fluid flow and other hypothetical forms of active transport of
G-actin, such as myosin transport along filopodia (49).

Another future extension for our model is to predict the
behavior of the system when substrate adhesion increases
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in response to external guidance cues. A careful treatment
of the question will require a submodel for adhesion
dynamics, similar to that in Chan and Odde (27), but we
can make some simple initial predictions based on the
conclusions of the study described here. Assuming, accord-
ing to previous modeling (10,11) and observations (12), that
adhesion to the substrate generates viscous-like friction,
Eq. 3, which describes the force balance on the P domain,
can be rewritten as fi, +fr = (Epreak + Eaan)vr. Where &4,
is the effective adhesion drag coefficient. When adhesion
increases drastically, this equation says that the retrograde
flow is almost canceled. In the treadmill stage, the polymer-
ization rate at the front is balanced by the speed of the retro-
grade actin flow. This means that when the flow is canceled
by the adhesion, the protrusion speed will be equal to the
polymerization rate, and thus to the retrograde flow speed
when the cell was stationary. The P-domain width after
the adhesion increase, according to the model, will not
change. Expanded to 2D, this model predicts that the cone
can turn by establishing an asymmetric adhesion pattern,
in which case asymmetric retrograde flow and protrusions
will emerge, as suggested in Danuser and Oldenbourg
(50). Note, however, that another study (51) proposes that
the retrograde flow is symmetric, and instead, variations
of the polymerization rate govern the turning behavior.

The importance of the nerve growth-cone mechanics in
motility (52) and of mechanical cues in its guidance (53)
is well established. Thus, the quantitative description of
the growth-cone mechanics resulting from our study is an
important step toward a more complete understanding of
nervous system development. In the future, a more detailed
mechanical model should incorporate the effects of
compression and shear in the lamellipodium (52). Another
future application of the model could be to analyze the
role of microtubules and microtubule-based motors in the
actin treadmill and growth-cone turning (54,55).

SUPPORTING MATERIAL

More observations discussed in detail, physical reasoning, model equations,
experimental results, references, two tables, and two figures are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)00283-4.
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Supporting Material for Craig et al.
“Membrane tension, myosin force and actin turnover maintain actin treadmill in the nerve growth cone”

Notes on membrane tension: We assume that the membrane tension is proportional to the P
domain width, rather than to the whole growth cone area, based on the following observations:
Under blebbistatin treatment, the membrane leading edge stays put, while the T zone boundary
retreats, so that the total membrane area enveloping the growth cone barely changes; and
although myosin contractile forces are almost completely eliminated, significant retrograde flow
remains, suggesting a possible increase in membrane tension coinciding with the expansion of
the P domain. Mechanisms of membrane transport and turnover underlying this proportionality
remain to be clarified. Making a first-order approximation that the membrane tension is a linear
function of the P domain width increment above the control width, f, = KALif AL>0and f, =0

if AL <0, the effective spring constant of the membrane is K = f” /(L, —L)~15pN / zm?.

Variation in the measured values of v, and L can be expected from one growth cone to the next.
For example, as reported in (1), blebbistatin treatment caused an increase in P domain width
from ~ 7um to ~ 15um, consistent with previous measurements (1), but the retrograde flow only
decreased to ~ 75% of the original value (in contrast to ~50% in (2)). If we re-calibrate the model

usingv” = 0.75v,, we find the following parameters are all relatively unchanged:

f ~1000pN /zm, & .. ~200pN min/ zm?, and £° . ~100pN min/ zm?. However, leading
edge membrane tension makes a larger relative contribution to the active forces driving flow
after blebbistatin treatment: f” ~ f” ~ 200pN / um (approximately double the tension force
estimated above for the experiment withv® = 0.5v, ). The faster retrograde flow and
correspondingly higher membrane tension could point to variation in the mechanical properties
of individual growth cones: The new membrane tension f.” corresponds to estimated membrane
stiffness and network stall force K ~25pN / zm* and f, =~ 250pN / zm, respectively.

Note on the viscous character of the resistance to the actin network breaking: We assume the
following scenario: Filaments arrive at the T-zone with the rate v, x Awhere A is the average

actin filament density per um? of the P zone. If a filament stays unbroken in the T-zone, on the
average, for time z, then the number of unbroken filaments per micron of the T-zone isv, Az . If

the force to break one filament is f,,.,, , then the total resistance force per micron is f, ., A, ,
which is viscous-like with effective drag coefficient &, = f,... A7 . Assuming that the force to
break a lamellipodial filament at the rear of the network is of the order of 10 pN, 7 ~1s, and A
~ 1000/um? (3), we estimate & ., ~ 10°pNxs/um2 ~ 200 pNxmin/um?, in agreement with the
value reported in Table II.

Breaking of the actin filaments at the T-zone facilitates actin turnover and recycling, and
evidence exists that this myosin-dependent buckling of filaments promotes their disassembly (2).
In particular, filopodia lengthen when myosin is inhibited (2), and a microscopy study
demonstrated that the rate of cofilin mediated severing of filopodia is higher at bent filament



segments (4). Some falloidin tracking experiments indicate that myosin also increases turnover
of actin networks (5).

List of experimental results used to calibrate and test the model: 1) By comparing P domain
width and retrograde flow speeds under control conditions and in the absence of filopodia, we
test the hypothesis that breaking the actin network in the T zone is the source of the mechanical
resistance and that filopodia and veil actin filaments contribute equally to the resistance.

2) When actin polymerization is inhibited, the network retreats from the leading edge, thus
eliminating the effect of leading edge tension. Surprisingly, the retrograde flow speed after this
perturbation is equal to that under control conditions, suggesting that retrograde flow in the
control cell can be fully attributed to myosin forces. On the other hand, when myosin forces are
inhibited, retrograde flow continues at approximately half the control speed, suggesting that
leading edge tension increases when myosin forces are reduced.

3) Inhibition of actin polymerization does not change the retrograde flow speed, whereas global
inhibition of actin depolymerization causes the retrograde flow speed to decrease exponentially
with time.

Prediction for the case of G-actin concentration increase: By setting v, =v, (where we use the

‘prime’ to indicate system variables after the increase in G-actin), we find the relationship
between the factor & by whichv,was increased and the resulting steady-state P domain width L :

SR I )
. af+aoeiyu :‘m | Vr'vg’aVo[l_(M] } (S1)
a, +a,e /"r 1_[K(Lf_|‘)] s

The resulting membrane tension increases with ¢, approaching the stall force for large a. We
also consider a second hypothetical experiment in which a blebbistatin-treated growth cone is
subjected to a sudden increase in G-actin concentration. The steady-state relationship between «
and L' in this case given by

e af+a0e_yu' f ’fm _ (S2)
a, +a,e % 1_(K(Lf"‘)]

where f°is the residual myosin force under blebbistatin treatment. Numerical calculations based
on Egs. S1, S2 produce the results shown in Fig. 5 B,C of the main text.

The role of microtubules in the actin treadmill: One future extension of the model could be to
analyze the role of microtubules (MTSs) in the actin treadmill. MTs often make dynamic



excursions from the central region of the growth cone into the P domain, where they can
transiently attach to F-actin (6). These ‘exploratory’ MTs are thought to have a role in
chemotactic guidance (7, 8), and may have a mechanical effect on the P domain dynamics. We
can use the fact that a majority of the MTs in the P domain are attached to actin retrograde flow
at any given time (9) to estimate the average mechanical force between MTs and the actin
network. The observation of frequent MT buckling and bending (9) suggests that the buckling
force for a single MT, estimated to be ~ 5pN (9), is a reasonable order of magnitude estimate for
the interaction force between MTs and the actin network. The total average force of interaction
between the exploratory MTs (with density ~ 10/xm (9)) and the actin network is thus on the
order of fyr ~ 50pN/um. Since the other forces involved in the actin treadmill (such as the
myosin contractile force) are on the order of hundreds of piconewtons per xm (Supporting Table
I1), the force contribution of MTs is small but not negligible.

The mechanical contribution of the force from MTs to the actin treadmill dynamics can be
illustrated by considering what would happen to a growth cone under control conditions if MT
advance into the P domain were inhibited. Under control conditions, retrograde flow buckles the
MTs that are attached to actin, and they in turn exert a force back on the actin network opposing
the retrograde flow. After MT inhibition, the retrograde flow would increase in response to the
increase in net active force driving the flow, while the polymerization speed would be initially
unchanged, causing the actin network to retreat from the leading edge. The decreasing width of
the actin network combined with faster retrograde flow would increase the T domain actin
density, by decreasing the amount of depolymerization that takes place in the time it takes actin
to flow from front to rear. This in turn would slow the retrograde flow until a new steady-state
treadmill condition is achieved (vr = vy = Vo). A general prediction of the actin treadmill model is
that the system responds to a change in the net active forces driving retrograde flow by adjusting
the effective drag coefficient through a change in P domain width. This prediction of decreased P
domain width in the absence of MTs could in principle be tested by treating a growth cone P
domain with nocadozile to inhibit MT growth.

Prediction for the case of adhesion increase in the blebbistatin-treated growth cones: The model
predicts that the blebbistatin-treated growth cones operate under higher leading edge tension and
thus have partially stalled leading-edge polymerization and slower retrograde flow. Thus, if the
adhesion increases, such cones would protrude more slowly. This prediction points to a possible
mechanistic role for myosin-driven retrograde flow in the stationary cell: By alleviating leading-
edge membrane tension, it allows actin polymerization to drive protrusion at the maximum
possible speed in response to guidance cues.

Solving the model equations: Model equations were solved analytically when possible.
Otherwise, we obtained the numerical solutions using MATLAB (The MathWorks, Natick, MA)
codes that we wrote ourselves. We used finite difference numerical schemes as described in (14).
For the ODEs, we used the Forward Euler method, and for the PDEs, we used the explicit
stepping method with Forward Time, Centered Space for the diffusion terms, and the first-order
upwind scheme for the advection terms. The spatial discretization was made so that the spatial
segment was divided in 40 equal steps, and the time steps — to guarantee numerical stability.
Computational time was of the order of a minute on a personal computer.
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Table I: Experimental measurements of variables v, and L for each of the experiments
illustrated in fig. 1c.

Experiment L (um) v, (um/min) Source
Control ~7 ~6 (2)
Polymerization inhibited (cytochalasin B) N/A ~6 (2)
Filopodia removed (low cytochalasin B) 7.6 4-6 (9)
Polymerization and myosin inhibited N/A ~1 (2)
(cytochalasin B + blebbistatin)

Myosin inhibited (blebbistatin) ~13 ~3 (2)
Depolymerization inhibited (jasplakinolide) N/A ~ voe't/T (2)

Table lI: Constrained parameter values for the actin treadmill in growth cones. The first four
rows are based on direct measurements. The rest are constrained based on comparison
between the model and experimental data.

Parameter Constrained value Source

ay ~15/um (9)

ao ~200/um (Abraham et al, 1999; Mogilner and
Edelstein-Keshet, 2002)

/4 ~0.2/min (1)

% ~0.01/min (1)

foreak ~10pN (3)

fm ~ 1040pN/um Egs. 3,4

Epreak (cONtrol) ~ 170 pNmin/um’ Eq.3

&oreax (blebb conditions) ~ 100mein/,um2 Eq.4

fr (blebb conditions) ~ 90pN/um Eq.3

K ~15pN/,um2 Assuming linear tension, fr = KAL

fs ~ 100pN/m Eq. 2
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Fig S1: Model Calibration.

(A) Comparison to filopodia removal
experiment. Before filopodial
removal, total actin density is as +
ai(x) (solid line, Eq. 6). After
filopodial removal, actin density is
ai(x) (dashed line). To maintain the
same retrograde flow (corresponding
to the same T zone actin density), the
P domain shrinks to width Lnosii
(indicated by horizontal arrow). (B)
Constraining the stall force is based
on myosin inhibition experiment and
force-velocity curve (Eq. 2) with o =
6 (solid curve). Using the
measurement of retrograde flow
under blebbistatin treatment
(horizontal dashed line) and our
calculation of the membrane tension
under blebbistatin treatment (vertical
dashed line, Eg. 8), we extrapolate the
network stall force using Eq. 2.
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Fig. S2: Approach to steady-state
under blebbistatin treatment.
Numerical calculation of the P
domain width L (upper), retrograde
flow speed v, (lower), before and
after blebbistatin treatment (at time
t = 0), illustrating the transition to
a new steady-state treadmill for
= 6 (solid line) and @ = 1 (dashed
line). Note that the steady-state
values of v, and L are independent
of the load-velocity parameter @,
and the corresponding stall force,

fo=1f /(1—vg /vo)’v‘“ , as discussed
in the main text.
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