A minimal actomyosin-based model predicts the

dynamics of filopodia on neuronal dendrites
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ABSTRACT Dendritic filopodia are actin-filled dynamic subcellular structures that sprout on
neuronal dendrites during neurogenesis. The exploratory motion of the filopodia is crucial for
synaptogenesis, but the underlying mechanisms are poorly understood. To study filopodial
motility, we collected and analyzed image data on filopodia in cultured rat hippocampal neu-
rons. We hypothesized that mechanical feedback among the actin retrograde flow, myosin
activity, and substrate adhesion gives rise to various filopodial behaviors. We formulated a
minimal one-dimensional partial differential equation model that reproduced the range of
observed motility. To validate our model, we systematically manipulated experimental cor-
relates of parameters in the model: substrate adhesion strength, actin polymerization rate,
myosin contractility, and the integrity of the putative microtubule-based barrier at the filopo-
dium base. The model predicts the response of the system to each of these experimental
perturbations, supporting the hypothesis that our actomyosin-driven mechanism controls
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dendritic filopodia dynamics.

INTRODUCTION
Formation of synapses during development and their maintenance
in the adult organism are required for the proper functioning of neu-
ronal circuitry. Spines—micrometer-scale protrusions from neuronal
dendrites—receive the majority of synaptic inputs in the CNS. Regu-
lation of spine density, morphology and spatial distribution is re-
quired for synaptic stability and plasticity. Abnormal density and
morphology are associated with impaired motor and cognitive func-
tions underlying neurological disorders such as autism, schizophre-
nia, and fragile X syndrome (Segal, 1995; Irwin et al., 2000; Lin and
Koleske, 2010; Wilson et al., 2010).

Spine morphogenesis is a delicate process that starts from
the formation of the dendritic filopodium (Ziv and Smith, 1996;
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Hotulainen and Hoogenraad, 2010; Korobova and Svitkina, 2010).
Dendiritic filopodia are dynamic protrusions up to 15 um in length
that explore their extracellular environment and connect with the
presynaptic axons (Kayser et al., 2008). The population of motile fi-
lopodia is highest during early neuron development and gradually
decreases as the neuron ages. Starting from day in vitro 4 (DIV4)
hippocampal cell culture, when neurites are fully differentiated into
axons and dendrites, filopodia are numerous and highly motile (Ziv
and Smith, 1996). They extend 2-10 ym away from the dendritic
shaft to establish contact with nearby axons and also can retract
back toward the dendrite. The protrusion/retraction cycle repeats
until filopodia stabilize or dissolve back into their parent dendrite.
By DIV13, most of the filopodia observed in culture are nonmotile,
whether solitary or connected to an axon. In the same time frame,
the first spines start to appear on the dendrites. The initial axon-
dendritic contact and its stabilization are considered to be the key
events in spinogenesis (Kayser et al., 2008; Hotulainen and Hoogen-
raad, 2010). However, the dynamics of spine morphogenesis from
filopodia has not been fully characterized, and the mechanism of
dendritic filopodial motility is poorly understood.

What is known is that dendritic filopodial motility is actin based.
The main components of actin network dynamics in motile cells
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have been extensively studied, resulting in models that describe
various mechanisms of leading-edge protrusion (Leibler and Huse,
1993; Mogilner and Rubinstein, 2005; Lammermann and Sixt, 2009).
From models of keratocyte and nerve growth cone motility, we
know that actin-based motility arises from the force that polymeriz-
ing actin filaments exerts on the membrane, which is opposed by
membrane tension (Medeiros et al., 2006). Myosin Il contracts the
actin filaments, generating the actin retrograde flow that pulls fila-
ments away from the leading edge (Verkhovsky et al., 1995). If the
actin filament polymerization rate overcomes the retrograde flow, a
local protrusion forms. How are actin polymerization, contraction,
and local adhesion mechanisms marshaled to control dendritic filo-
podial motility and stability? Previous models of filopodial dynamics
treated the system as a stiff elastic rod compressed by the mem-
brane resistance force without considering adhesion or contractility
(Mogilner and Rubinstein, 2005); others focused on the adhesion to
and compliance of the substrate (Chan and Odde, 2008). These ear-
lier studies did not consider the unique molecular composition of
dendritic filopodia.

The molecular composition of the actin network in dendritic fi-
lopodia, which lack filament bundling proteins found in conven-
tional filopodia (Korobova and Svitkina, 2010), affects the rheo-
logical properties making it more viscous than bundled actin (Kim
et al., 2009). For example, the actin network in dendritic spines is
four to five times more viscous than the average cell cytoskeleton
(Smith et al., 2007). The actin cytoskeleton inside a dendritic filo-
podium consists of short, branched filaments of mixed polarity
(Portera-Cailliau et al., 2003; Korobova and Svitkina, 2010), which
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can make them sensitive to myosin contractile stresses. Adhesion
to the substrate can affect actin retrograde flow and govern the
retraction phase of the filopodia motility cycle (Yamashiro and
Watanabe, 2014). Furthermore, substrate adhesion is required for
neurogenesis (Lin and Koleske, 2010) and may be important for
dendritic filopodia behavior.

Therefore we expect the dynamics of dendritic filopodia to dif-
fer from that of conventional filopodia. Such a range of behaviors
could be involved in the establishment and stabilization of initial
synaptic connections in the developing nervous system (Portera-
Cailliau et al., 2003). Indeed, in this article, we characterize a wide
range of motility states, from nonmotile to persistently fluctuating
filopodia. To understand these diverse motility behaviors, we de-
velop a minimal mathematical model of dendritic filopodia dy-
namics that explains the spatiotemporal regulation of actin and
myosin dynamics and describes conditions under which dynamic
filopodia are maintained. The model uses partial differential equa-
tions that balance the forces of substrate adhesion, actin retro-
grade flow, and myosin contractility while accounting for actin po-
lymerization and diffusion. To validate the proposed mechanism
experimentally, we perturbed key model parameters using various
manipulations, comparing the model predictions with the results
of motility analysis of dendritic filopodia on hippocampal neurons
in culture.

RESULTS

To collect sufficient data on filopodia dynamics, we performed 2-h
(At=1 s) time-lapse recordings of filopodia extending and retracting
from the dendrites of young neurons (DIV4-
12; Figure 1A). Filopodial dynamics was
then quantified by tracking filopodia length
automatically using our custom-written soft-
ware FiloTracker (Supplemental Movie STA
and Figure 1, B and C). Having collected tra-
jectories from 938 filopodia (83 neurons), we
classified dendritic filopodia by their motility
patterns into filopodia with transient and
continual dynamics and nonmotile filopodia
(Supplemental Figure S1, A and C). Filopo-
dia with continual dynamics displayed life-
times t > 20 min with regular protrusion/re-
traction cycles (Supplemental Figure S1A).
Filopodia with transient motility were de-
fined by irregular, short-lived bursts of motil-
ity (Supplemental Figure S1B), and filopodia
with constant length did not exhibit any mo-
tility, displaying invariable length for the du-
ration of the recording session (220 min;
Supplemental Figure S1C). Filopodia were
more dynamic during early neurodevelop-
ment, with a motile fraction of 41 £ 22% for
DIV3-9, which decreased to 11 + 6% after
DIV10 (Figure 1D). This result is consistent
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FIGURE 1: Analysis of filopodia motility with automated tracking software FiloTracker.

(A) Phase-contrast image of hippocampal pyramidal neuron in culture, DIV5, with dendrites
covered with filopodia; scale bar, 10 um. (B) High-magnification image of boxed area in A during
length tracking process in FiloTracker; red dotted line is a length estimate for the current frame;
scale bar, 2 pm. (C) Output sample of length measurements from the filopodia in B (red);
acquisition rate, 1 frame/s; periodicity of length, ~122 + 19 s. (D) Comparison of motile fraction
of all filopodia in imaging session (t = 30 min) at DIV4-9 and DIV8-10 (t test, p < 0.05).
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DIV8-10 with the trend reported earlier (Smith et al.,

2007).

In all filopodia trajectories with continual
dynamics, we calculated the protrusion rates
(length increase per time during extension)
and retraction rates (length decrease per
time during retraction) with the Peakfinder
algorithm, which was set to detect large
changes in length (see Materials and
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Methods). We determined that the lengths fluctuate with similar pro-
trusion and retraction rates of 0.37 £ 0.080 and 0.32 + 0.054 pm/s in
DIV4-7, respectively.

Formulation of a model based on experimental constraints
We hypothesized that feedback among the actin retrograde flow
(ARF), myosin activity, and substrate adhesion are the principal fac-
tors that drive the range of filopodia behaviors observed in primary
neuron culture, and we developed a deterministic mathematical
model to quantitatively explore this hypothesis. Because growth
and retraction events observed in filopodia are due to stochastic
events involving small numbers of molecules and filaments, the pro-
trusion and retraction rates measured from the trajectories are ex-
pected to be higher than the rates estimated from a deterministic
mathematical model. This is because the experimental procedure
using the Peakfinder algorithm detects only growth or retraction
events and does not account for resting phases between events.
Thus the reported experimental protrusion and retraction rates will
always be much faster than those produced by the deterministic
model. In addition, the experimental measurements of protrusion
and retraction rates were necessarily performed on motile filopodia.
The deterministic model necessarily corresponds to behavior that is
essentially integrated over all filopodia in a given state. However,
because the simplicity of the deterministic model allows for ready
analysis and exploration of hypotheses, it has real advantages for
the purposes of this study. Thus the deterministic model serves well
to explain the overall behavior of the system and any trends or pat-
terns due to experimental manipulations.

We considered a minimal number of biophysical mechanisms as
sufficient to describe filopodium dynamics, with its extension driven
by actin polymerization and its retraction by myosin contraction. The
total contractile force exerted within the filopodium is proportional
to the total amount of bound myosin. When the filopodium is short,
there is only a small amount of bound myosin and, consequently a
small contractile force. Therefore polymerization of the actin at the
tip causes the filopodium to extend. As the filopodium gets longer,
the contractile force gets larger due to binding of myosin, and the tip
extension slows. At some point, myosin contraction can outstrip po-
lymerization, and the filopodium shrinks. As shrinking proceeds, the
density of bound myosin increases and accelerates contraction. Ulti-
mately, myosin dissociation reduces the contractile force, and the fi-
lopodium length reaches its minimum before extension resumes. It is
therefore possible that standard actomyosin dynamics can account
for all ranges of filopodia dynamics. However, other factors, such as
the viscoelasticity of the actin network and the adhesion of the filo-
podium to the substrate, may affect the overall system behavior.
These and other features of the system can be quantitatively ex-
plored with a mathematical model based on five essential processes
(Figure 2): 1) polymerization of F-actin at the tip of the filopodium;
2) binding and unbinding of myosin to F-actin; 3) isotropic contractile
stresses exerted by myosin on F-actin; 4) viscous flow of F-actin (ARF)
induced by these contractile stresses; and 5) friction between the fi-
lopodium and the substrate due to adhesion (Kim et al., 2012).

We implemented the model filopodium as a linear one-dimen-
sional (1D) object whose length, L(t), varies with time. The state of
the system is described by two variables, the distribution of bound
myosin, my(x, 1), and the local velocity of the actin network, v(x, 1), x
[0, L], where x = 0 corresponds to the base of the filopodium and
x= Lto the tip. Myosin can bind and unbind from the actin cytoskel-
eton with rate constants ko, and ke, respectively. The unbound
myosin is assumed to diffuse rapidly on the length scale of the filo-
podium and, on the time scale of filopodial dynamics, to be in equi-
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FIGURE 2: Balance of forces in a dendritic filopodium described by
the minimal model. The model captures five essential processes:

1) polymerization of F-actin at the tip of the filopodium; 2) binding
and unbinding of myosin to F-actin; 3) isotropic contractile stresses
exerted by bound myosin on F-actin; 4) viscous flow of F-actin (ARF)
induced by these contractile stresses and membrane tension; and

5) friction between the filopodium and the substrate due to adhesion.
Bound myosin contractile stress is shown by blue arrows, 69 and my;
V. polymerization rate, direction indicated by green arrow, Cv, the
substrate adhesion force, is denoted by the red arrows, and the black
arrow is fv, the resistance force at the base due to the microtubule
network inside the dendrite. Unbound myosin freely diffuses inside
the filopodium.

librium with the large reservoir contained in the adjacent dendrite;
therefore its concentration, m, is assumed to be constant.

Bound myosin moves with the F-actin at the velocity v(x) and can
also diffuse due to random motion of the actin filaments (Kruse
et al., 2004). The dynamics of the bound myosin is then described
by the following continuity (transport) equation:

2
agn_tb: aa;gb —a%(mbv)+konmo —koffmb (1N

where D is the diffusion coefficient.

The bound myosin exerts a contractile stress on the actin net-
work. We assume that this contractile stress is isotropic and propor-
tional to the concentration of bound myosin. On the time scales
relevant to filopodial motility, the actin network can be approxi-
mated as a viscous fluid with viscosity 1 (Bausch et al., 1998). Adhe-
sion between the filopodial membrane and the extracellular matrix
resists the movement of the filopodium. We account for this as a
resistive force proportional to the velocity. Therefore myosin con-
tractile stresses will induce a viscous flow of F-actin governed by the
mechanical balance equation,

0%v om
fo=nZ3+00°52 @

which takes into account the three major forces present in the sys-
tem: viscous stress, the contractile stress exerted by bound myosin,
Gomy, and the resistive drag force, {v, due to adhesive interactions
with the substrate. In Eq. 2, oy is a myosin contractility coefficient
that should be approximately proportional to the maximum force
that can be applied by a single myosin molecule.

Equations 1 and 2 are solved with the following initial
conditions:
L=0, mb(x,O):O, v(x,O):O 3)
and L, mp, and v allowed to evolve over time and along the 1D
space. With regard to boundary conditions, we assume that

Dendritic filopodia motility | 1023
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We use a resistive force proportional to
the velocity, Bv, to model the stress balance
at the base of the filopodium:
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At the tip of the filopodium, membrane
tension, T, exerts a force proportional to the
curvature, , on the actin network:
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dx =Tk
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(6)
x =L
where, effectively, Tk is a single parameter.
Using experimental data, we estimate that
Tx =2 pN (see later discussion). In addition,
we find that the model is insensitive to Tk
values in the range 0-5 pN, as demon-
strated in Supplemental Figure S2A. There-
fore we use this value of 2 pN in all of our
calculations to simplify the number of free
parameters without affecting the results.
The rate that the length of the filopo-
dium changes is equal to the difference be-
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Because the actin at the tip is newly po-
lymerized, myosin will not have bound yet,
leading to the boundary condition my(L,t) =
0. Supplemental Table S1 lists model vari-
ables and parameters.
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FIGURE 3: Model solutions correspond to experimental data. (A) Fit of simulated actin flow
velocity at steady state (red; Eq. 1) with experimental ARF distribution along normalized
filopodium length (blue; Tatavarty et al., 2012). Mean * SD. Parameter values: Ly =1, kg =0.13,
kon=0.12, v, = 0.9, mo = 25,1 = 100, { = 100, 6 = 25, p = 5250, and D= 0.04. (B) (1) Simulated
filopodium length fluctuations with retrograde flow from A. Myosin distribution taken close to
the most rapid phases of (2) protrusion and (3) retraction. Lo =1, koff = 0.13, kon =0.12, v, = 0.9,
mo =25,1n=100, {=100, 69 = 25, B = 5250, and D = 0.04. (4) Representative dynamics of a live
filopodium traced using automated software; acquisition rate, 1 frame/s. (5) Dynamics of a live
filopodium with large amplitude of fluctuations traced using automated software; acquisition

rate, 1 frame/s. (Note y-axes in 4 and 5.)

F-actin and its bound myosin do not flow into or out of the den-
dritic shaft, based on previous experimental findings (Tatavarty
et al., 2012) and possibly due to a barrier formed by microtu-
bules in the adjacent dendritic shaft (this idea will be further ex-
plored later); therefore the flux of bound myosin is zero at the
base:

JImp _
(D Ix vmbj X:O—O (4)
1024 | O.O. Marchenko et al.
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The model can recapitulate the
experimentally observed motility
behaviors

We analyzed Egs. 1-7 over a large range
of parameters using a semi-implicit Crank—
Nicolson scheme coded in MATLAB. We
found that the model leads to three qualita-
tively different patterns of behavior: contin-
uous increase of filopodium length, an equi-
librium state with constant length, and
periodic filopodium length fluctuations
around a constant value. To begin, we fo-
cused on scenarios in which the filopodium
length fluctuated, similar to what is ob-
served during early neuron development
(Ziv and Smith, 1996). To test the predictions
of our model, we compared the model results to existing experi-
mental measurements of ARF and myosin localization from live den-
dritic filopodia (Tatavarty et al., 2012). In those experiments, ARF
was measured and averaged in motile and nonmotile filopodia. We
compared simulated ARF over protrusion and retraction phases and
found striking agreement between experiment and model over a
wide range of parameter values (Figure 3A). Experimental data and
calculations were used to set the parameters 0o, Vp, Kon, koff, &/ 71,
and Tk as described in the next section.
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Parameter justification for the dendritic filopodia model

Our actomyosin model for dendritic filopodia has the following 11
parameters: 7, actin viscosity; §, substrate drag coefficient; oy,
myosin contractility; mg, unbound myosin concentration; Vp, pO-
lymerization velocity of actin at the tip of the filopodium; T, mem-
brane tension; k;, curvature of the membrane at the tip of the filo-
podium; B, drag coefficient at base of spine; D, bound myosin
effective diffusion coefficient; ko, myosin on rate; and ko, myosin
off rate.

Of these parameters, T and « are not independent, as it is pos-
sible to rewrite the dynamic equations such that only the combina-
tion Tk appears. Therefore 10 parameters determine the behavior
of the model. The definitions, nominal values, and units for each
parameter are provided in Supplemental Table S1. In what follows,
we use experimental data from the literature to justify each of these
parameters.

1. Actin viscosity, 1. Many experiments have probed the viscosity of
actin networks in cells. This literature suggests a wide range of
values for the cytoskeletal viscosity. For example, Kole et al.
(2005) performed passive microrheology on quiescent and mo-
tile Swiss 3T3 cells. In motile cells, they measured the actin vis-
cosity to be ~5 Pa-s, whereas Bausch et al. (1998) found a value
of 2000 Pa s using magnetic bead microrheology. The model
produces more accurate agreement with the experimental data
for values of the viscosity that are closer to the larger value found
by Bausch et al. (1998). We used a value of 500 Pa-s as a baseline
value. This viscosity, however, represents the three-dimensional
(3D) viscosity of the actin network. Because our model is 1D, we
need to treat the net effect of the viscosity over the cross section
of the filopodium; that is, 1D viscosity is equal to 3D viscosity
times the cross-sectional area of the filopodium. If the diameter
of a dendritic filopodium is ~500 nm, then the cross-sectional
area is ~0.2 pm? and our baseline value of the 1D viscosity is 1| =
100 pN:s.

2. Substrate drag coefficient, {. To our knowledge, there have not
been any experiments examining the substrate drag coefficient
for dendritic filopodia. However, Chan and Odde (2008) simulta-
neously measured the traction force generated by axonal filopo-
dia and the retrograde flow of actin. They found traction forces
of 10-50 pN with actin retrograde flow rates of 80-100 nm/s.
The ratio of the traction force to the retrograde flow rate should
be approximately equal to the drag coefficient times the length
of the filopodium. For an axonal filopodium of length 5 pm, we
estimate ¢'= 100 pN-s/pm?.

3. The free concentration of myosin, mg. We estimate the concen-
tration of unbound myosin molecules to be 0.5-5 pM (Wu and
Pollard, 2005). In the 1D model, the myosin concentration, mg, is
the number of molecules per length, which is between 6 and
60 molecules/pum.

4. The stress from bound myosin, oy, In the 1D model, the combi-
nation opm represents the net contractile force F that would be
produced by a concentration m of myosin molecules distributed
over the length L of the filopodium. Therefore we estimate the
total number of bound myosin molecules along the filopodium
to be N = m-L. Because the force from a single myosin molecule
is ~2-3 pN (Norstrom et al., 2010), the net force is F= N (2-3 pN)
=~ opm, or 0y = L (2-3 pN). For a characteristic filopodium length
of 2-3 ym, we then estimate oy to be ~4-9 pN-um. To account
for some cooperative effect between myosin molecules, we use
a baseline value of 25 pN-um.
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5. Polymerization velocity, v, In vitro, actin filaments elongate at
~0.1 pm/s (Kuhn and Pollard, 2005). These experiments were
performed at an actin concentration of 1.5 uM, whereas concen-
trations of G-actin in the lamellipodia of motile cells can be as
high as 150 pM (Koestler et al., 2009). In principle, then, actin
polymerization in vivo could occur up to 100-fold faster than in
these in vitro experiments. However, we expect the velocity at
which actin elongates at the tip of the filopodium to be compa-
rable to these values and set a baseline value v, = 0.9 pm/s.

6. Membrane tension times curvature, Tk. The quantity Tk repre-
sents the stress exerted onto the actin cytoskeleton due to the
membrane tension at the tip of the filopodium. Membrane ten-
sion in neuronal growth cones was measured to be ~3 pN/pm
(Hochmuth et al., 1996). The membrane curvature at the tip of
the filopod is k= 4 pm™ for a filopodium with a diameter of
500 nm. Therefore Tk~ 12 pN/um?. For the 1D model, we need
to compute the net force that is exerted on the actin at the filo-
pod tip due to the membrane tension and curvature. (Note that
the tension in the membrane along the sides of the filopodium
does not contribute any force in the 1D model because tension
on one side of the filopodium cancels the tension on the other
side.) Therefore the force at the tip of the filament is equal to Tk
times the cross-sectional area of the filopodium, which is then
equal to 2.4 pN.

7. Drag coefficient at the base of the filopodium, 8. We hypothe-
size that flow of actin out of the base of the filopodium is hin-
dered, most likely due to steric interactions with microtubules in
the dendritic shaft. We model this behavior using a resistive drag
force that is proportional to the flow rate of actin (Eq. 5). To our
knowledge, there are no data that will allow us to estimate a value
for the constant of proportionality between the drag force and
the flow rate. However, as demonstrated in Supplemental Figure
S2B, the system behavior is completely insensitive to > 100
and still displays robust oscillations with = 0. We chose a value
large enough to be well within the insensitive region of parame-
ter space so that the actomyosin dynamics slows completely as it
approaches the base of the filopodium.

8. Myosin diffusion coefficient, D. The diffusion coefficient, D, rep-
resents the diffusion of bound myosin on the actin. This repre-
sents random events, such as slipping of the myosin molecules
and diffusion of the actin filaments. The diffusion coefficient for
myosin light chain kinase moving on actin filaments was recently
measured to be between 0.03 and 0.07 um?%/s (Hong et al.,
2015). We use a value of D= 0.04 pm?/s.

9, 10. Myosin on and off rates, ko, and k¢ Nagy et al. (2013) mea-
sured the dissociation rate constant for single myosin molecules
to be ~0.4 s7', and Norstrom et al. (2010) measured the on-rate
and off-rate of nonmuscle myosin and found them to be compa-
rable. Based on these data, we set baseline values of k,g=0.13 s
and k,,=0.12s7".

Myosin activity is the main regulator of actin retrograde flow
force. In the model, bound myosin is pushed by actin retrograde
flow toward the dendrite, and accumulation of myosin at the base is
largely due to the resistive barrier at the filopodium base, which
prevents actin from flowing out of the filopodium (Egs. 4 and 5).
Because of the barrier at the dendrite, the bound myosin remains
highly localized at the filopodium base during all phases of the mo-
tility cycle. The output of the simulated motility cycle is shown in
Figure 3B1. During the initial stage of protrusion, myosin begins to
bind to the actin network, which leads to generation of slow ARF

Dendritic filopodia motility | 1025
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imaging. (A) Top, epifluorescence images of neurons transfected with
Eos-MLC. Middle, corresponding PALM images constructed with only
the immobile subpopulation of the molecules. Bottom, overlay of the
top and middle images. Arrowheads indicate immobile MLC
localization in the base of the filopodia. Asterisks indicate immobile
MLC localization in the spine heads. Scale bar, 3 um. (B) Probability of
MLC to be found in one of the four segments of the filopodium
during early development (DIV8-10; 26 filopodia) vs. late
development (DIV 14-15; 25 filopodia). Error bars represent SEM;
numbers indicate relative distance from the base.

and further promotes accumulation of myosin at the base of the fi-
lopodium (Figure 3B2). When the protrusion rate reaches zero at the
peak of the growth phase, bound myosin localizes in high concen-
tration right near the filopodium base, whereas low concentrations
are distributed along the filopodium length and decay to O at the
tip. During the retraction phase, the ARF is larger than during pro-
trusion, maintaining high concentrations of myosin at the filopo-
dium base (Figure 3B3). Although the deterministic nature of the
model does not capture stochasticity present in the live filopodia
movement, it does produce representative behavior between the
extremes observed experimentally (see Figure 3B4 and later discus-
sion of Figure 5).

Thus our model emphasizes that maintaining myosin localiza-
tion at the base is required for persistent filopodial dynamics. To
validate the model’s prediction, we compared the simulated myo-
sin gradient with the experimental results on the active myosin
distribution in live filopodia. Neurons were transfected with an
Eos—-myosin light chain (MLC) DNA construct (Tatavarty et al.,
2012). Single-molecule photoactivated localization microscopy
(PALM) imaging showed localization of active myosin Il near the
base of the dendritic filopodia (Figure 4A). The probability of MLC
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FIGURE 5: Filopodia dynamics depends on the resistive force applied
at the base by the microtubule network. Cytoskeletal organization of
dendritic filopodia revealed by platinum replica electron microscopy.
(A) A network of dendrites from hippocampal neurons cultured for 8
DIV. Dendritic filopodia (boxed region and arrows) reside on dense
arrays of microtubules in dendrites. (B) Dendritic filopodium from the
boxed region in A color-coded to show microtubules in the dendrite
(red) and actin filaments in the filopodium (blue). Scale bars, 2 pm (A),
0.5 pm (B). (C) Simulated filopodia dynamics with (i) and without (ii)
resistive force at the barrier. (i) Ly =1, kogr = 0.13, ko, =0.12, Vp= 0.9,
mg =25, =100, {=100, 6o =25, B =5250, and D= 0.04. (ii) Lo =1,
koft = 0.13, ko = 0.12, v, = 0.9, mg = 25, 1 = 100, { = 100, 60 = 25,
=0, and D=0.04.

residence at the base changed from almost 80% at DIV8-10 to
50% at DIV14-15 (Figure 4B). Myosin localization was measured in
dynamic and nonmotile filopodia, with both measurements show-
ing maximum myosin concentration at the base (Figure 4B). The
averaged myosin distribution over the course of simulation dis-
plays a base localization pattern similar to the one from the experi-
mental results.

Whereas the filopodium is filled with branched filamentous ac-
tin, the dendrite contains a prominent microtubule network, as
shown by electron microscopy images (Figure 5A). The dense net-
work of microtubules runs uninterrupted in the dendrites orthogo-
nal to the filopodial actin filaments, forming a barrier. We hypoth-
esize that the microtubules at the base of the filopodium function
as a barrier to retain bound myosin and actin inside the filopodium
(Figure 5B), as expressed in the boundary condition of our model
(Egs. 4 and 5). The no-flux condition for the actomyosin network at
the filopodium base (Eq. 4) prevents filopodium collapse at the
end of the retraction cycle and is required for filopodium stability.
By Newton’s law, the microtubule network has to exert some stress
on the actin network proportional to the retrograde flow gener-
ated in the filopodium. However, it is unclear whether the stress
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FIGURE 6: Effect of actin polymerization rate on filopodial motility. (A) Percentage of motile
filopodia as a function of CD concentration; one-way ANOVA, p < 0.001 for the 20 nM dose
compared with each of the lower doses (201 filopodia, 21 neurons; error bars are SD).

(B) Simulated changes in filopodial motility after decreasing actin polymerization rate, v, from

posed to CD assured that the actin cytoskel-
eton remained intact during our measure-
ments (Supplemental Figure S4).

Because cytochalasin blocks incorpora-

0.9 to 0.1. Other parameter values are Lo = 1, kogf = 0.13, kon = 0.12, mo = 25,1 =100, { = 100, ~ tion of actin monomers into F-actin, the

60 =25, B=5250, and D =0.04 (Eq. 7). (C) Effect of CD treatment on the protrusion rate of overall motility inhibiting effect of cytochala-
motile filopodia, one-way ANOVA, p < 0.001, for the 20 nM dose compared with each of the sin is not surprising (Figure 6A). However,
lower doses (124 filopodia, 18 neurons; error bars are SEM). (D) Protrusion rates from simulated ~ we specifically expected that the decrease
filopodial dynamics using a range of polymerization rate values, v, [0-0.9]. Other parameters in protrusion rate is reproduced in the
used in the simulations are Lo =1, koff = 0.13, kon = 0.12,v,,= 0.9, mg = 25, n = 100, { = 100, model simulations by perturbing polymer-

6o =25, B =5250, and D= 0.04.

from the microtubule network in the dendritic shaft plays any role
in filopodia motility. Thus, to test the effect of the resistance force
at the filopodium base, we varied the resistance parameter  and
observed its effect on filopodia dynamics. Whereas all values of g
resulted in motile filopodium with regular length oscillations
(Figure 5Ci and Supplemental Figure S2B), removing the stress at
the base by setting #= 0 produced shorter filopodia (Figure 5Cii).
Therefore large 8 values increase filopodial lengths and increase
the range of other unconstrained parameters, which results in
oscillations (Supplemental Figure S2B). Furthermore, treating the
filopodia with low doses of nocodazole, a microtubule-dissolving
drug, abolished filopodia motility and significantly reduced their
number (Supplemental Figure S3). In conclusion, our data and
model are consistent with the hypothesis that the force at the base
of the filopodium, proportional to the actin retrograde flow in the
filopodium, stabilizes filopodial length and promotes filopodial
motility.

In summary, simulated actin retrograde flow and myosin dynam-
ics recapitulated dynamic behavior of dendritic filopodia observed
in live-imaging experiments. We next explored whether the model
can reproduce the effects of experimental manipulations. We chose
a series of experimental manipulations that have direct correlates to
the key parameters of the model.
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ization rate, v,,. A stepwise reduction of the

parameter v, from 0.9 to 0.1 resulted in es-
sentially nonmotile filopodia, with steady-state lengths fourfold
smaller than the average lengths of filopodia at v,,= 0.9 (Figure 6B).
The experimental data showed a gradual decrease of protrusion
rates in dendritic filopodia treated with increasing CD dose (Figure
6C). The trend we observed is reproduced by our mathematical
model (Figure 6D).

The effect of substrate adhesion on filopodia

dynamics is biphasic

The drag force generated by substrate adhesion inhibits actin ret-
rograde flow and supports polymerizing actin filaments in an elon-
gating filopodium (San Miguel-Ruiz and Letourneau, 2014). Poly-L-
lysine (PLL) is a positively charged polymer that effectively
mediates adhesion in cultured neurons. It stimulates integrin—sub-
strate binding via syndecans (Beauvais and Rapraeger, 2003), and
a range of PLL concentrations is used to obtain viable neurons in
culture.

We plated hippocampal neurons on glass coverslip dishes
coated with PLL concentration of 0.01, 0.05, 0.5, 1.0, or 10 mg/ml
and measured filopodial density and protrusion and retraction
rates using the custom-written tracking method described in
Figure 1. The highest number of motile filopodia was measured
at 0.05 mg/ml (Figure 7A), with significantly smaller values at
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FIGURE 7: PLL-substrate adhesion strength regulates filopodial motility. (A) The highest
number of motile filopodia was observed on substrates with medium PLL concentration; using
one-way ANOVA, motile fraction at 0.05 and 0.5 mg/ml were not significantly different from
each other but were each significantly different from the filopodia at 0.01, 1.0, and 10.0 mg/ml
(433 filopodia, 36 neurons; p < 0.001, ANOVA; error bars are SEM). (B) Protrusion and retraction
rates from filopodia grown on substrates of different PLL concentration (DIV4-5, 316 filopodia,
20 neurons); using one-way ANOVA, motility rates at 0.05 and 0.5 mg/ml were significantly
different from each other and were each significantly different from the less motile filopodia at
0.01, 1.0, and 10.0 mg/ml (p < 0.001; error bars are SEM). (C) Protrusion and retraction rates
from simulated filopodia within adhesion coefficient range (20-115) demonstrate a biphasic
relationship between adhesion forces and filopodial dynamics. The simulations are initiated with
m, =0 and Ly =1 pm; they both quickly approach nonmotile steady-state lengths, bracketing
the intermediate { values that produce oscillations. Other parameters in these simulations are
Lo=1, koft = 0.13, kon = 0.12, v, = 0.9, mo = 25, 1 = 100, Gp = 25, B = 5250, and D = 0.04.

(D) Comparison of filopodial length change in modeling and experimental results: (i) average
filopodial lengths on the range of PLL concentrations (433 filopodia, 36 neurons; ANOVA,

p < 0.005; error bars are SEM; Tukey post hoc test: group 0.1 mg/ml has mean not statistically
different from other groups; other four groups have means statistically different from each
other. (i) Simulated filopodia lengths in the range of the drag force parameter { [20, 110].

0.017 and 1.0 mg/ml (Supplemental Movies S3A-S3C). Because
protrusion and retraction rates were the same for the filopodia
grown on corresponding PLL substrate, all rates were compared
together (Figure 7B). Motile filopodia grown on PLL applied at
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0.05 mg/ml had the highest protrusion and
retraction rates, 0.37 + 0.080 and 0.32 +
0.054 pm/s, respectively, whereas filopodia
grown at the other concentrations showed
a significant reduction in protrusion and re-
traction rates (Figure 7B).

To examine whether these results corre-
late qualitatively with the modeling results,
we simulated filopodia dynamics over a
range of the drag force parameter, { A
greater traction force with increasing drag
force parameter resulted in changes in actin
retrograde flow across the adhesion drag
force range. As a result, the simulated pro-
trusion and retraction rates in filopodia fol-
lowed a biphasic trend corresponding to
the net sum of forces.

At { < 20, the force due to friction was
insufficient to generate motility and resulted
in nonmotile short filopodia, consistent with
observations on live filopodia grown on low
PLL concentrations. The protrusion and re-
traction rates were decreased compared
with the nominal case. This phenotype can
be explained by lack of traction force and in-
ability to generate sufficient actin retrograde
flow necessary for retraction. Similarly, filopo-
dia plated on PLL at low concentrations were
unable to undergo regular motility cycles
and flailed during protrusion and retraction.

Filopodial protrusion rates decreased at
¢ > 110, and no regular motility was ob-
served (Figure 7Ci). Of interest, retraction
rates were greater than protrusion rates
(Figure 7Cii). At larger values of the drag co-
efficient, friction forces counteract actin ret-
rograde flow, and the resulting protrusion
rate is small and insufficient to maintain the
retraction phase, which halts motile cycle.
This result is congruent with the observation
that filopodia grown on PLL at high concen-
trations were straight and immobile.

Because the effect of drag force coeffi-
cient on the filopodial motility is quite dra-
matic, we expected that filopodial lengths
would also be affected by the changes in
substrate adhesion. Indeed, on comparing
experimental measurements between the
lowest and highest PLL concentrations, we
found filopodial lengths to increase by al-
most twice (Figure 7Di).

The increasing length trend was repro-
duced in simulations across the drag force
parameter, ¢, range [20 to 120]. At {'> 100,
the steady-state length of nonmotile filo-
podia was greater than the average
lengths of motile filopodia at lower values
of { (Figure 7Dii).

Thus, in simulated filopodia as well as in live neurons, intermedi-
ate values of adhesion drag coefficient produced filopodia with the
greatest protrusion/retraction rates undergoing regular cycles of
protrusion and retraction.
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effects of blebbistatin (Kepiro et al., 2012),
we limited the upper concentration to 2.5 uM
(Supplemental Movie S4); at >10 pM, we ob-
served collapse of filopodia and membrane
blebbing.

The result of gradual myosin inactivation
on filopodia dynamics was best captured by
comparing filopodial lengths (Figure 8, A

T T T T 1
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Myosin dissociation constant, Kd

and B) and retraction/protrusion rate pat-
terns (Figure 8, C-F) in the experiments and
simulations. This is because the protrusion/
retraction rates and length measurements
(as opposed to the fraction of motile filopo-
dia) are most directly compared with the
output of our deterministic partial differen-
tial equation simulations. In the experiment,
the filopodia were significantly longer in
cells treated with 2.5 uM blebbistatin than in
controls (Figure 8A). This is expected be-
cause the balance between the fixed actin
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polymerization rate and the decreasing my-
osin-induced contractility moves the system
toward increased average filopodial length.
Similarly, blebbistatin increases the mea-
sured (Figure 8D) protrusion rate. Surpris-
ingly, however, blebbistatin also increases
the measured average contraction rate
(Figure 8C). To explain the observed trends
in filopodial motility rates and lengths in
terms of the drug effect on myosin activity,
we looked at how simulated filopodia dy-
namics changes when the myosin on-rate

1 25

Myosin dissociation constant, Kd

FIGURE 8: Dependence of filopodial lengths and retraction rates on myosin K. (A) Filopodial
lengths after treatment with blebbistatin; significantly longer filopodia were observed after
treatment with 1.0 and 2.5 pM doses of blebbistatin compared with control; one-way ANOVA,
p < 0.001 (95 filopodia, 12 neurons); error bars are SEM. (B) Simulated filopodial lengths on the
range of Ky [0.01, 0.05]. (C) Filopodial retraction rates after treatment with blebbistatin; the
highest retraction rate was observed at blebbistatin treatment of 2.5 pM (DIV4-5, 78 filopodia,
12 neurons; ANOVA, p < 0.001. (D) Filopodial protrusion rates after treatment with blebbistatin;
the highest protrusion rate was observed at blebbistatin treatment of 2.5 pM (DIV4-5, 78
filopodia, 12 neurons; ANOVA, p < 0.001. (E) Simulated filopodial retraction rates on the range
of Ky [0.01, 0.05]; the highest retraction rate was observed at the highest Ky. Parameters used
for the simulations are Ly =1, ko =0.13, ko, =0.12, Vp= 0.9, mg =[23-120], n =100, { =100,

60 =25, B =5250, and D = 0.04. (F) Simulated filopodial protrusion rates on the range of Ky
[0.01, 0.05]; the highest protrusion rate was observed at the highest Ky. Parameters used for the
simulations are Ly =1, kogr = 0.13, kon =0.12, Vp= 0.9, mg =[23-120], n =100, { =100, 6o = 25,

B =5250, and D=0.04.

Dendritic filopodia lengths and motility are increased by
blebbistatin treatment

Experimentally, it has been shown that nonmuscle myosin is a key
regulating force in filopodia dynamics, and myosin inactivation by
pharmacological agents, such as blebbistatin, abolishes filopodia
motility (Medeiros et al., 2006; Ryu et al., 2006). The force oppos-
ing protrusion is generated by myosin contractile activity on the
actin network and affects both protrusion and retraction rates of
the motile system. To evaluate how the myosin-actin interaction
proposed in the model predicts and explains the live filopodia mo-
tility, we treated dendritic filopodia with a range of blebbistatin
concentrations. To minimize the cytotoxicity and nonspecific
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Blebbistatin binds to myosin in the ADP-
Pi state and interferes with the phosphate
release process, locking myosin in the actin-
unbound state (Kovacs et al., 2004). Thus
the effect of blebbistatin can be modeled as
a decreased mq in Eq. 1, which effectively
decreases the on-rate for formation of
bound myosin, or, equivalently, increases
the effective dissociation constant, Ky. In
simulations, instantaneous protrusion rate
was calculated at the half point between
minimum and maximum lengths in the oscil-
lation, and instantaneous retraction rate was
calculated at the half point between the
maximum and minimum lengths of the oscil-
lation. In simulated filopodia dynamics,
lower myosin on-rate resulted in longer filo-
podia compared with the control on-rate (Figure 8B). Satisfyingly
consistent with the experiments, the protrusion and retraction rates
in these filopodia were both increased as Ky increased. The time it
took for the myosin to accumulate at sufficient amounts to induce
retraction increases with increase in Ky; however because of the in-
creased duration of the protrusion phase, there is actually sufficient
time for a significantly increased level of bound myosin at the peak
of an oscillation, resulting in a faster retraction phase. In other words,
the longer duration of the growth phase, as well as the longer length
of the filopodia, allows more myosin to accumulate despite the
higher Ky, resulting in faster retraction (Figure 8E). Of course, if we
were to decrease Ky for myosin binding still further, the system
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would stop oscillating, and protrusion would proceed unchecked
(unpublished data). Thus the simulation and experimental results
are consistent, giving us confidence that our conceptually simple
model is sufficient to explain the dynamic behavior of dendritic
filopodia.

DISCUSSION

In this study, we numerically simulated and experimentally character-
ized two types of dendritic filopodia—nonmotile and fluctuating. We
demonstrated that a complex interplay among the actin retrograde
flow, myosin contractility, and substrate adhesion regulates filopodia
dynamics observed in primary neuron culture. Consequently we for-
mulated a simple mechanism that explains filopodia transition from
the motile to the immotile state. Understanding filopodia dynamics
is necessary for developing insight into the dendritic spine plasticity
and stability. Analyzing the filopodia motility in high resolution is of
great utility for identification of cellular phenotypes in neurodevelop-
mental disorders and development of drug-screening platforms.

We found that filopodia protrusion rate is highly sensitive to actin
polymerization. Cytochalasin inhibits polymerization by blocking
free barbed ends, resulting in reduced filopodia protrusion rate.
Similarly, in neuronal growth cones, 5 uM cytochalasin B treatment
resulted in reversibly blocked motility (Medeiros et al., 2006). Treat-
ment with CD also decreases membrane tension by as much as
~50% (Lieber et al., 2013). We define membrane protrusion kine-
matically using the parameter v, which implicitly contains the ef-
fects of membrane tension at the tip. Because the actin-generated
protrusive force depends on the number of pushing actin filaments,
more filaments will generate higher membrane tension values,
whereas fewer filaments will yield lower membrane tension values
(Lieber et al., 2013).

The drug produced a dose-dependent reduction in filopodia
protrusion and retraction rates and steady-state filopodia length.
Thus the actin polymerization rate at the filopodium tip is one of the
key parameters that determine the filopodia dynamics and lifetime.
Continuous depolymerization rate has been reported at the den-
dritic filopodia base, where accumulation of myosin takes place, and
it is significantly smaller than the polymerization rate (Tatavarty
et al., 2012). Although we did not explicitly include depolymeriza-
tion rate in the model, we assumed that the v,, parameter at the fi-
lopodia tip is a net actin polymerization rate and combines the po-
lymerization and depolymerization rates. Because only the
polymerization rate at the leading edge is inhibited by CD, the de-
polymerization rate is not affected and contributes to the filopodia
retraction rate. Therefore the model can reproduce the experimen-
tal results well with the simplifying assumptions about the rates.

Next we showed that traction force due to substrate adhesion
promotes filopodia motility on surfaces with intermediate adhe-
siveness. Filopodia protrusion/retraction rates and motile fraction
exhibited a biphasic dependence on adhesion strength, with filo-
podia at intermediate adhesion strength displaying the highest
motility rates. The results of simulations also suggested that protru-
sion and retraction rates in dendritic filopodia are highly sensitive
to the strength of substrate adhesion. At low and high values of the
adhesion coefficient, the actin retrograde flow was weaker, produc-
ing stable or slightly motile filopodia. The highest simulated motil-
ity rates were observed at intermediate values of traction force.
These results are consistent with the trend in actin retrograde flow
measurements on various adhesion strengths in axonal growth
cones (Geraldo and Gordon-Weeks, 2009). Similarly, actomyosin-
based keratocyte motility on fibronectin also shows a biphasic dis-
tribution of locomotion speed on substrates of increasing adhesion
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(Barnhart et al., 2011). However, although the biphasic trend is re-
produced by the model, the exact relationship between PLL con-
centration and adhesion coefficient value is not known.

Of interest, the data suggest that the filopodia lengths are
slightly greater at the high concentrations of PLL in the substrate.
This effect can be due to the fact that whereas the retraction and
protrusion rates are slower, the force required to overcome the fric-
tion of the substrate increases with the stickiness of the substrate,
and thus the minimal length that filopodium can reach at the end of
retraction phase increases, which consequently leads to longer filo-
podia on average.

The treatment of adhesion in our model assumes that the trac-
tion force arises from uniform adhesion between the filopodium
and the substrate. The assumption can be applied only in the case
of very soft or very stiff surfaces (Bangasser et al., 2013), and a more
elaborate description of the interaction between the substrate and
filopodial membrane will yield more accurate results for all surface
types. A stochastic physical model is needed to model motor-clutch
interaction of myosin-substrate linkage, where tension along the
engaged clutches sums to a traction force balanced by the tension
and deformation of the compliant substrate (Chan and Odde,
2008). However, in vivo substrates such as glial cells, neurons, and
laminin are very soft (0.04-0.3 kPa), whereas the experimental sys-
tem uses thin PLL on glass surface and is considered a stiff substrate
(Engler, 2004). Thus a basic description of traction forces is relevant
and recapitulates qualitatively the biphasic trend observed in the
experiments. Nevertheless, measurements on the PLL substrate
stiffness have not been done for the experimental system used and
are necessary in deciding which model is more appropriate.

The next important parameter of filopodia dynamics is the effect
of myosin activity. Experimentally, we show that bound myosin ac-
cumulates at the base (Figure 4, A and B), which is also consistent
with the model simulations in which bound myosin is highly biased
toward the filopodium base during oscillatory dynamics. This pat-
tern reflects the fact that the actin filaments at the base region are
the oldest and therefore have the most time to bind myosin. The
myosin localization pattern maintains the actin retrograde flow,
which in turn causes cyclic length contractions in filopodia.

To explore further the role of myosin for filopodium motility, we
disrupted myosin binding to actin with low doses of blebbistatin
(Loudon et al., 2006). Treatments with a range of increasing blebbi-
statin concentrations led to dendritic filopodia with increased pro-
trusion rates (Figure 8D), which is expected because protrusion is a
competition between actin polymerization at the tip and actomyo-
sin-dependent contraction. Similarly, the average length of filopodia
also increases with increased blebbistatin concentration (Figure 8A).
Both of these responses to inhibition of myosin binding are reca-
pitulated by the model (Figure 8, F and B, respectively). However,
unexpectedly and remarkably, retraction rates also increased with
low doses of blebbistatin (Figure 8C). Although this result seems
counterintuitive, it is predicted by the model (Figure 8E). In addition,
analysis of the model suggests a reason for this unexpected behav-
ior: the longer duration of the fluctuations required to reach the
maximum length when myosin binding is inhibited also gives the
myosin more time to accumulate in the region of the filopodium
base. Another way of thinking about this is to consider the oscilla-
tions as arising from a kinetic overshoot in the approach toward bal-
ance between actin polymerization and contractility; the overshoot
is more severe when myosin binding is inhibited.

It is important to consider potential off-target effects of blebbi-
statin. Although it was reported previously that myosin inhibition with
blebbistatin decreases myosin-dependent F-actin disassembly and
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(A) Polymerization slow compared to myosin binding = stable filopod length
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myosin binds quickly, contractile force is proportional to filopod length

up with the polymerization rate. Now con-
sider a scenario in which myosin binding
and unbinding are slow compared with po-
lymerization (Figure 9B). If the polymeriza-
tion velocity is fast compared with the on-
rate of the myosin, then the filopodium will
grow to be longer than the balance point

(B) Polymerization fast compared to myosin binding = oscillating filopod length
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myosin continues to bind
at the point when contraction
equals polymerization

that would have been achieved if myosin
were fully bound to actin. As time pro-
gresses, however, the myosin will bind to a
point at which contractile velocity is equal to
polymerization velocity. However, the delay
caused by the slow myosin unbinding rate is
such that the myosin continues to bind,
leading to “overshoot” and producing a
contractile stress that overcomes the polym-
erization velocity (Figure 9B). At this point,
the filopodium will start to contract. As the
filopodium contracts, myosin continues to

contraction stops when
myosin rapidly detaches
during final collapse

contraction accelerates as more myosin binds

FIGURE 9: Summary of filopodium nonmotile (A) and motile (B) behaviors. (A) Nonmotile
filopodium. The length of filopodium does not change when myosin dynamics is fast enough to
counteract the protrusion rate produced by actin polymerization. (B) Motile filopodium
undergoes protrusion-peak-retraction cycle. At small lengths, the total amount of bound myosin
is low; hence retrograde flow is insufficient to overcome polymerization velocity, which results in
gradual length increase. The filopodium reaches its maximum length when actin retrograde flow
at the tip equals exactly the actin polymerization rate. Peak is followed by retraction stage,
which is characterized by the large magnitudes of actin retrograde flow due to large amounts of
bound myosin. The retraction lasts until the length is so small that the amount of bound myosin
is low, which allows actin polymerization to increase the filopodial length and initiate the
protrusion phase. This leads to the cyclical changes in filopodial length.

thus inhibits overall actin turnover rate (Ryu et al., 2006), it was also
suggested that blebbistatin decreases the actin polymerization rate
as an off-target effect, which can cause the decreased motility in filo-
podia (Tatavarty et al., 2012). The findings also describe nonspecific
effects by blebbistatin in Dictyostelium myosin ll-knockout cells (Ko-
lega, 2006). Indeed, we were unable to use blebbistatin concentra-
tions >10 uM in our experiments because these concentrations
caused complete loss of filopodia and even shrinkage of dendrites. To
avoid any of these nonspecific effects, we limited our measurements
to concentrations of <2.5 uM. Therefore we believe that the effect of
blebbistatin on myosin contractility in filopodia was highly specific.

Membrane tension has been shown to play a role in regulating
cell motility in rapidly moving keratocytes (Lieber et al., 2013). For
thin projections like filopodia, the tension force is set by the force
required to pull out a membrane tether, which depends on the
membrane surface tension and the bending rigidity of the mem-
brane (Sheetz, 2001). The force from membrane tension is propor-
tional to the curvature of the membrane. Therefore this force can
vary spatially across the membrane. Because this is a 1D model that
does not account for radial forces within the filopodium, the tension
is necessarily zero everywhere but at the tip.

To summarize, our model reproduces experimental actin flow
patterns, as well as the effects of varying myosin, adhesion, and ac-
tin polymerization that lead to emergence of dynamic filopodia
through the following mechanism. Consider a filopodium with a
stable steady-state length (Figure 9A). In this scenario, the actin ret-
rograde flow due to contraction and tension balance the polymer-
ization rate. However, this balance can be attained only if the myosin
can enter and bind to the filopodial actin at a rate sufficient to keep
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bind, which causes the contractile velocity
to increase. In addition, as the filopodium
shortens, there is less external drag (be-
cause the total external drag is proportional
to the length of the filopodium). Therefore
the contraction accelerates even further. In
the absence of any other effects, the filopo-
dium can end up shrinking to zero size.
However, the viscosity of the actin prevents
the filopodium from shrinking too quickly,
and this effect increases as the filopodium
gets smaller. Therefore the actin viscosity
can prevent total collapse of the filopodium.
Once the unbinding of myosin finally re-
duces contractility enough for polymerization to again dominate,
the filopodium begins to grow again, and the cycle repeats.

Whether filopodial dynamics and stability are important for spine
formation is controversial (Portera-Cailliau et al., 2003; Hotulainen
and Hoogenraad, 2010). Because the actin network inside the den-
dritic spine consists mainly of the same components as filopodia, we
suggest that the factors that play important role in filopodia stability
will be also important in spine morphogenesis and stability. Thus, in
future studies, we plan to focus on three central aspects of spine
morphogenesis: metamorphosis of filopodia into spines, diversity of
spine shapes, and their stability.

process repeats

MATERIALS AND METHODS

Cell culture

Hippocampal neuron cultures were prepared from E18 rat (Sprague
Dawley) hippocampi obtained from BrainBits (Springfield, IL) and
plated following BrainBits Kit Protocol brainbitslic.com/brainbits
-kits-primary-neuron-protocol/. Briefly, cells were plated at 20,000~
30,000 cells/well on MatTek (Ashland, MA) glass-bottom culture
dishes that were thoroughly cleaned by sonicating sequentially in
10% HCI, 20% NaOH, and Millipore water or in plasma cleaner and
coated with PLL (Sigma-Aldrich, St. Louis, MO) overnight before use.
Cell cultures were maintained for up to 25 DIV in neurobasal me-
dium supplemented with B27.Samples were imaged with a Nikon
Plan NA1.25 x 100 objective on DIV 3-12 on a Nikon diaphot 300
inverted microscope. Images were collected with a back-illuminated
charge-coupled device (CCD) camera (CH350; Roper Scientific)
driven by MetaMorph image acquisition and analysis software
(Molecular Devices, Sunnyvale, CA).
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Drug treatments

For control conditions, dimethyl sulfoxide (DMSO) was added to
Hibernate E and mixed well, and the culture medium was replaced
with the DMSO solution at room temperature. The cells were
imaged immediately after the medium replacement for 20 min.
Blebbistatin (Sigma-Aldrich, St. Louis, MO) was used at 1.0, 2.5, 5.0,
12.5, 25, and 50 puM final concentration in DMSO (2.5%), and CD
(Sigma-Aldrich) was used at 5.0, 10, and 20 nM in DMSO (2%) final
concentration at room temperature. At the start of the recording,
cell medium was replaced with the well-mixed solution of drug dis-
solved in DMSO and Hibernate E. The filopodia motility was re-
corded for 20 min after drug administration.

Eos-MLC imaging

To express Eos-MLC fusion, a Gateway cassette (Invitrogen) was
inserted to the C-terminal of the tdEos sequence (a gift from J.
Wiedenmann, University of Ulm, Ulm, Germany), which converted
the original vector into a Gateway vector. An entry clone of the myo-
sin regulatory light chain, Mlrc2, was purchased from Open Biosys-
tems (Thermo Biosystems, Huntsville, AL). The Mirc2 sequence was
then subcloned into the tdEos Gateway vector using the LR clonase
(Invitrogen), following the manufacturer’s procedure, to produce the
Eos-MLC fusion construct.

Single-molecule imaging of Eos-MLC was performed using a
modified epifluorescence microscope (Olympus 1X81; Olympus,
Tokyo, Japan) equipped with 60x microscope objective (numerical
aperture, 1.45; Olympus) and a thermoelectric-cooled, electron-
multiplying CCD camera (PhotonMax; Roper Scientific, Trenton,
NJ). A 405-nm diode laser (Cube laser system; Coherent, Santa
Clara, CA) was the light source for photoactivation. The MLC-green
fluorescence of unactivated Eos was excited with the 488-nm laser
line from an argon ion laser (CVI Melles Griot, Albuquerque, NM).
Activated single molecules were imaged with a 532-nm, diode-
pumped solid-state diode laser (Lambda Photometrics, Harpenden,
United Kingdom). Time-lapse images were acquired every 0.3 s
with 100- to 200-ms exposure for each image. Image acquisition
software was built on top of the MicroManager platform (http://
micromanager.org). Image analysis was performed using a custom-
built particle-tracking algorithm as previously described (Tatavarty
et al., 2009). Only stationary single molecules of Eos-MLC (which
moved <1 pixel) were considered for generating PALM images
(MLC-PALM immobile) because this is the MLC fraction that is
bound to the actin filaments (Tatavarty et al, 2012). Filopodia
with length >2 ym were chosen for analysis and binned into four
segments, each of minimum 0.5 um. Individual immobile MLC
molecules were assigned to a particular bin segment along the
filopodia.

Immunostaining

Cells were washed with phosphate-buffered saline (PBS) at room
temperature and fixed in gluteraldehyde 2% for 10 min at 20°C
and then washed with PBS for 30 s and permeabilized with Triton
X-100 0.5% in PBS for 5 min at 20°C. Cells are then rinsed with PBS
twice at room temperature and incubated in bovine serum albu-
min for 1 h. After a 5-min wash in PBS, the cells were incubated
with Acti-Stain 488 (Cytoskeleton, Denver CO) or phalloidin 555
(Cytoskeleton) for 30 min.

Staining for B-tubulin was made as described in Keating et al.
(1997). Briefly, the cells were fixed with glutaraldehyde and permea-
bilized with Triton X-100. Imaging was performed on Zeiss LSM 780,
a combined confocal/FCS/NLO system, mounted on an inverted
Axio Observer Z1 with Plan Neofluar 630ilxNA1.25 objective.
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Platinum replica electron microscopy

Dissociated rat embryo hippocampal neurons isolated as de-
scribed previously (Wilcox et al., 1994) were obtained from the
MINS Neuron Culture Service Center (University of Pennsylvania,
Philadelphia, PA). In brief, hippocampi were dissected from brains
of Sprague Dawley rat embryos at embryonic days 18-20 and dis-
sociated into individual cells by incubating in a trypsin-containing
solution. The cells were then washed and plated on PLL-coated
(1 mg/ml) glass coverslips at a concentration of 150,000 cells per
35-mm dish in 1.5 ml of neurobasal medium (Life Technologies)
with 2% B27 supplement. Sample preparation for platinum rep-
lica electron microscopy was performed as described previously
(Svitkina, 2007, 2009). In brief, neuron cultures were detergent
extracted for 20 s at room temperature with 1% Triton X-100 in
PEM buffer (100 mM 1,4-piperazinediethanesulfonic acid-KOH,
pH 6.9, 1 mM MgCly, and 1 mM ethylene glycol tetraacetic acid)
containing 2% polyethylene glycol (molecular weight 35,000),
2 uM phalloidin, and 10 pM Taxol. Detergent-extracted samples
were sequentially fixed with 2% glutaraldehyde in 0.1 M Na-cac-
odylate buffer (pH 7.3), 0.1% tannic acid, and 0.2% urany! ace-
tate; critical point dried; coated with platinum and carbon; and
transferred onto electron microscopic grids for observation. Sam-
ples were analyzed using JEM 1011 transmission electron micro-
scope (JEOL USA, Peabody, MA) operated at 100 kV. Images
were captured by an ORIUS 832.10W CCD camera (Gatan,
Warrendale, PA) and presented in inverted contrast. Color label-
ing and image overlays were performed using Adobe Photoshop
(Adobe Systems, Mountain View, CA), as described previously
(Shutova et al., 2012).

Filopodia length tracking

Custom-written software FiloTracker was used to track individual fi-
lopodia lengths. The use of an automated procedure excluded bias
in selection of filopodia and increased the data throughput. Gray-
scale movies were segmented in ImageJ (National Institutes of
Health, Bethesda, MD) and loaded into Matlab (MathWorks, Natick,
MA). The individual filopodia length was measured and recorded
into output file at each frame (dt = 1 s). The program output .mat
and .csv files, which were then imported into Matlab for further
quantitative analysis. For a description of the FiloTracker software,
refer to the Supplemental Materials (also see Supplemental Figures
S5 and S6); all code is available at https://github.com/olemarch/
Filopod-1D-Model. The tracks of filopodia motility were smoothed
using a Gaussian filter to remove noise, and the protrusion retrac-
tion rates were computed using custom-written script. Filopodium
length was estimated as maximum length from the averaged time
series for each filopodium (mobile and stationary).

Computational analysis

The model is solved numerically using a semi-implicit Crank—
Nicolson scheme coded in Matlab. Filopodium protrusion and
retraction rates were computed using the peakfinder function by
Nathan Yoder (mathworks.com/matlabcentral/fileexchange/25500
-peakfinder-x0-sel-thresh—extrema-includeendpoints-interpolate-),
with threshold value 75% from global minimum and maximum for
finding local extremes. All code is available at https://github.com/
olemarch/Filopod-1D-Model.

Statistical analysis

Statistical analysis was conducted using one-way analysis of vari-
ance (ANOVA) tests with t tests performed in Matlab. Error bars are
mean £ SEM unless noted otherwise.
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